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strange sector. The Workshop was organized to get a feedback from the community to strengthen
physics motivation of the LoI and prepare a full proposal.
Further details about the Workshop can be found on the web page of the conference:
http://www.jlab.org/conferences/kl2016/index.html .
We acknowledge the support of The George Washington University, U.S.A., Institute for Kern-
physik & Jülich Center for Hadron Physics, Jülich, Germany, Jefferson Science Associates, U.S.A.,
Old Dominion University, U.S.A., Thomas Jefferson National Accelerator Facility, U.S.A.
PACS numbers: 13.75.Jz, 13.60.Rj, 14.20.Jn, 25.80.Nv.
i
ar
X
iv
:1
60
4.
02
14
1v
1 
 [h
ep
-p
h]
  6
 A
pr
 20
16
Contents
1 Preface and Summary 1
M. Pennington
2 Summaries of Talks 5
2.1 Photoproduction of K0: Early History . . . . . . . . . . . . . . . . . . . . . . . . 5
M. Albrow
2.2 Overview of Hall D Complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
E. Chudakov
2.3 The K0L Beam Facility at JLab . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
M. Amaryan
2.4 Hadron Physics at J-PARC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
H. Ohnishi
2.5 Low Energy Kaon Scattering: Present Status and Open Possibilities . . . . . . . . 31
A. Filippi
2.6 K0Lp Scattering to Two-Body Final States . . . . . . . . . . . . . . . . . . . . . . 42
D.M. Manley
2.7 Excited Hyperons and their Decays . . . . . . . . . . . . . . . . . . . . . . . . . . 49
F. Myhrer
2.8 Hadron Physics with High-Momentum Hadron Beams at J-PARC . . . . . . . . . 56
H. Noumi
2.9 Cascade Production in K- and Photon-Induced Reactions . . . . . . . . . . . . . . 65
K. Nakayama, B.C. Jackson, Y. Oh, and H. Haberzettl
2.10 Predictions for Excited Strange Baryons . . . . . . . . . . . . . . . . . . . . . . . 75
I.P. Fernando and J.L. Goity
2.11 The K¯N → KΞ Reaction in a Chiral NLO Model . . . . . . . . . . . . . . . . . . 83
A. Ramos, A. Feijoo, and V.K. Magas
2.12 Hyperon Studies at JPAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
C. Fernández-Ramírez and A. Szczepaniak
ii
2.13 Spectrum and Quantum Numbers of Ξ Resonances . . . . . . . . . . . . . . . . . 102
Y. Oh
2.14 Hyperon Resonance Studies from Charm Baryon Decays at BaBar . . . . . . . . . 113
V. Ziegler
2.15 Evidence of Some New Hyperon Resonances − to be Checked by KL Beam . . . . 120
B. Zou
2.16 Can Spectroscopy with Kaon Beams at JLab Discriminate between Quark Diquark
and Three Quark Models ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
E. Santopinto
2.17 Reducing the Ambiguity of the AntiKaon-Nucleon Amplitude Using Modern Ex-
perimental Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
M. Mai
2.18 Opportunities in the Hyperon Spectrum with Neutral Kaon Beam . . . . . . . . . . 152
V. Mathieu
2.19 Establishing S = -1 Hyperon Resonances Using Kaon-Induced Meson Productions
within Dynamical Coupled-Channels Approach . . . . . . . . . . . . . . . . . . . 155
H. Kamano
2.20 Strangeness Physics at CLAS in the 6 GeV Era . . . . . . . . . . . . . . . . . . . 163
R. Schumacher
2.21 Lattice Studies of Hyperon Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 170
D. Richards
2.22 Formation of the f0(980) and a0(980) resonances by K¯ Induced Reactions on Protons178
E. Oset, Ju-Jun Xie, Wei-Hong Liang
2.23 TREK @ J-PARC: Beyond the Standard Model with Stopped K+ . . . . . . . . . . 191
M. Kohl
2.24 Simulation Study of KL Beam: KL Rates and Background . . . . . . . . . . . . . 198
I. Larin
2.25 KL Simulation Studies with the GlueX Detector . . . . . . . . . . . . . . . . . . . 205
S. Taylor
2.26 Compact Photon Source Conceptual Design . . . . . . . . . . . . . . . . . . . . . 214
iii
P. Degtyarenko and B. Wojtsekhowski
2.27 Targets for a Neutral Kaon Beam . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
C. Keith
3 List of Participants of KL2016 Workshop 228
iv
1 Preface and Summary
Michael Pennington
Thomas Jefferson National Accelerator Facility
Newport News, VA 23606, U.S.A.
1. Primary Physics with Secondary Beams of KL’s
Not all of physics can be explored by primary beams of electrons and protons, however
much these have taught us over the past 60 years. Electron-positron colliders give access
to restricted sets of quantum numbers. From proton-proton collisions we have long learned
about all manner of high energy reactions. However, access to excited mesons and baryons
has been most universally achieved with pion and kaon secondary beams, and latterly pho-
ton beams both virtual and real. Nowadays the wealth of information on polarized photon
beams on polarized targets has totally revolutionized baryon spectroscopy, especially in the
lightest flavor sector. The measurement of polarization asymmetries has constrained partial
wave analyses far beyond anything conceivable with pion beams. Nevertheless, these only
give access to the product of photocouplings of each excited baryon and its coupling to the
hadron final state, such as piN , pipiN , ηN , etc. Contemporaneously, in the meson sector, the
COMPASS experiment with pion beams on protons at 190 GeV/c, together with heavy flavor
decays in e+e− annihilation, have given access to multi-meson final states, like 2pi, 3pi, with
greater precision than ever before. This has given hints and suggestions of new resonances,
like the a1(1420).
To understand the constituent structure of hadrons requires information on the relationship
of each meson and baryon to those with different flavors, but the same JP quantum num-
bers. At its simplest, this is to understand the quark model multiplet structure, where this is
appropriate. What is more, so ubiquitous are pipi, piK, KK, ηpi, ηK, ... final states as the
decay products of almost every hadron, that knowledge of the properties of these is critical
to every analysis. Unitarity colors and shapes the universality of such final state interac-
tions in each set of quantum numbers. This means that however precise our measurements
of γN → piη(′)N , with GlueX for instance, we cannot really determine the fine resonant
structure of such a process without some information on piη and piη′ scattering too. Nor can
we determine any flavor partners without information on the corresponding Kη(′) channels.
For that secondary kaon beams are essential.
While J-PARC has a whole program of charged strange particle and hypernuclear reactions,
photon beams allow unique access to other channels. It was realized long ago that intense
photon beams like that about to be delivered to Hall D at JLab, could produce secondary
beams. The charged particles can readily be bent away, leaving a neutral particle beam
dominated by KL: long lived kaons being produced far more copiously than neutrons above
3–4 GeV momentum. Such a facility provides access to a whole range of physics that is the
subject of this meeting.
The reactions that can be studied cover the meson spectrum and dynamics, the baryon spec-
trum and dynamics, and final state interactions that link mesons and baryons together. This
includes particularly the channels Kpi, Kη, Kη′ in the meson sector. These explore the very
limitations of chiral dynamics: the strange quark’s current mass is 30-50 times that of the
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average u, d mass, so corrections from explicit breaking are likely significant. Moreover, are
there eight or nine Goldstone bosons? In a world of large Nc, a nonet of light pseudoscalars
is natural, but is the Nc = 3 world close to this or not? At the same time, information on
KM final states, with M = pi, η, η′, is vital in understanding excited meson multiplets.
This also provides links to J/ψpipi dynamics and its relation to φpipi and K∗Kpi with hidden
strangeness. In the baryon sector, while earlier seemingly “missing" states are appearing
with N∗’s and ∆∗’s, few of the related Σ∗’s and Ξ∗’s are known.
The exact connection of the Constituent Quark Model to QCD is not really understood.
Nevertheless calculations in Lattice QCD with heavier than physical pions give a baryon
spectrum much like that of the Constituent Quark Model. This is perhaps not surprising since
with only single hadron operators, the excited states are almost stable. Though dynamical
quarks allow additional qq pairs to be produced, with a heavy pion (and hence heavy u, d
quarks) the Fock space of excited N∗’s are dominated by qqq configurations. Computations
including gluonic operators allow hybrid states of qqqg that are a GeV or so heavier than qqq
configurations with the same JP . The spectrum from Lattice QCD can be regarded as the
21st century version of the Constituent Quark Model. However, it is naturally improvable,
not just because by lowering the pion mass the phase space for decays increases. This is
not sufficient to reproduce experiment. More efficacious is the inclusion of multiparticle
scattering states. Hadrons become resonances by coupling to these scattering states. For
mesons like the ρ and K∗, rather precise calculations have now been made, but for baryons
like those in Fig. 1, which are much more computationally intensive, these are still to come.
Figure 1: The propagator of an unstable particle is affected by the coupling to
hadronic intermediate states. The imaginary part of these contributions (sig-
nified by the dashed line that places the intermediate state particles on-shell)
gives the resulting resonance a width, as well as changing the real part of its
mass function.
Scattering states do not just allow decays and give the states a width, but these in turn shift
the masses of the resonances, particularly when the decays are S-wave. For their strange
partners, with fewer open channels, the shifts may be less, as illustrated in Fig. 2. Thus
one might expect the strange, doubly strange and even more the triply strange baryons to be
closest to where our new Lattice version of the Constituent Quark Model may predict, while
the N∗’s and ∆∗’s may be shifted significantly.
Indeed in some cases they may be indistinguishable from the continuum, in others coven-
tional and hybrid baryons may have distinct decay patterns. So where the Σ∗’s, Λ∗’s and
Ξ∗’s are that partner the Roper, N∗(1440) with JP = (1/2)+, may teach us about how this
dynamics works. It is likely much of this same dynamics with its interplay of both col-
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Figure 2: An example of a flavor octet of excited baryons. The multiplet on
the left is that expected for stable states in the Constituent Quark Model with
the strange quark having a 150 MeV heavier mass than the u, d quarks. The
coupling to nearby hadronic channels, indicated on the right, through graphs
like that in Fig. 1, affects the mass of the unstable states. This might leave the
Ξ∗’s least disturbed, while significantly shifting the masses of the less strange
members of the multiplet.
ored (quark and gluon) and color singlet degrees of freedom underlies the appearance of the
X, Y, Z, and Pc states. Indeed such interplay is integral to generating their very existence.
Strange baryon studies enabled by KL beams may provide unique insights into this newly
exposed world.
Since the primary focus of the GlueX experiment is to study the photoproduction of mesons,
it is unrealistic to expect its replacement by a secondary beam of KL’s before a few years of
photon data-taking. Indeed, there would be little point until the DIRC bars, and even a RICH
for kaon identification, are in place. Then while the GlueX analysis is concentrating on
gluonic excitations with millions of events on many channels, from which to extract physics,
perhaps an opportunity arises to show that a secondary KL beam can provide unique data
on the very strange baryons. A short program that successfully identifies Ξ∗’s and Ω∗’s not
just as bumps in cross-sections, but with quantum numbers determined from their decays,
may spur the demand for longer running and make theKL beam a facility for hadron physics
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unique in the world.
A long march starts with the rst stride: this is the step taken by this workshop. The second
step is to plan for the minimal Be target, sweeping magnet and pair spectrometer required for
a feasibility run. As always this requires a lead time of several years. Consequently whether
to proceed, to even this limited stage within the Hall D schedule, demands a timely decision.
2. Acknowledgements
This material is based upon work supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics under contract DE–AC05–06OR23177.
4
2 Summaries of Talks
2.1 Photoproduction of K0: Early History
Michael Albrow
Fermi National Accelerator Laboratory
P.O.Box 500, Wilson St.
Batavia, IL 60510, U.S.A.
Abstract
I discuss the first measurements of photoproduction of neutral Kaons in the 1960’s, and
early experiments on K0 decays and interactions carried out with such beams.
1. Motivation for K0 Photoproduction
In July 1964 Christenson, Cronin, Fitch and Turlay announced [1] the observation of the
long-lived K0 decaying to two pions, which was the discovery of CP-violation. It was al-
ready realised that K0 − K¯0 physics was extremely interesting [2], with particles and their
antiparticles being distinct under strong interactions, but able to mix through weak interac-
tions to form short-lived and long-lived states, now called K0S and K
0
L. That was the year I
started my postgraduate studies at Manchester University. Prof. Paul Murphy led the group
from 1965, and the nearby Daresbury Nuclear Physics Laboratory (DNPL) was constructing
a 5 GeV electron synchrotron, NINA (Northern Institutes National Accelerator). This would
be a local laboratory for the northern universities to balance the Rutherford Laboratory’s
NIMROD 7 GeV proton accelerator in southern England. The possibility that a useful K0
beam could be made at an electron synchrotron by photoproduction was being considered,
and a 1965 prediction for SLAC by Drell and Jacob [3] was optimistic. They expected the
dominant mechanism to be virtual K∗-exchange in the t-channel, γ+K∗ → K, with a cross
section, peaking at θ ∼ 2◦, at least 20 µb/sr, for 15 BeV (now GeV !) photons. We now
know that K∗-exchange is not the dominant process.
In 1965, the Manchester Group decided to measure K0 photoproduction at NINA with a
view to using the beam for decay measurements.
2. First Observations
While our Manchester experiment was being carried out the first “observation" of photo-
produced K0 was published [4] by the Cambridge Bubble Chamber Group; after scanning
865,000 (sic !) hydrogen bubble chamber photographs they found about 50 examples of
K0 → pi+pi−. Of these, 35 were classified as Λ0K0pi+ events, and a few were possibly pho-
toproduction of φ → K0SK0L, but the evidence for that was “weak". This was followed by
an experiment [5] in 1967, using a multi-gap optical spark chamber, still taking photographs
but now with the ability to trigger on a neutral particle entering the fiducial volume (with a
veto counter) and a pair of charged particles in a scintillation counter hodoscope behind. As
in our Manchester experiment, a K0S-regenerator was placed in front of the decay volume.
There was no magnetic field, but coplanar V’s were selected, and assuming K0 → pi+pi−
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the Kaon momentum is known from kinematics. The Cambridge Electron Accelerator pro-
duced 5.5 GeV electrons, and the K0 were produced in Al- and Be-targets at polar angles
from 0◦ - 10◦. Since an intermediate photon beam was not used, the flux is a combination of
electro- and photo-production in the targets. With about 400 events, they reported a yield of
1.3 ×10−5 K0/electron for 1.0 < pK < 5.5 GeV/c at 3.5◦. The spectrum peaks at 2 GeV/c,
which they interpreted as due to φ-photoproduction and decay, incorrectly as it turns out.
Absence of K0 with momenta closer to the beam momentum gave an upper limit on the
two-body processes: γ + p → K0 + Σ+, γ + n → K0 + Σ0, and γ + n → K0 + Λ0.
Schivell et al. said it was [5]: an extremely clean beam which appears quite free of neutrons,
although they did not elucidate. Of course for most “decay" experiments neutron background
in unimportant, but for scattering and interaction experiments it can be serious.
A major hydrogen bubble chamber study [6] (1.7 million pictures !) using a bremsstrahlung
beam up to Eγ = 5.8 GeV at DESY reported a few γ + p → K0 + Σ+ events with σ =
0.68±0.48 µb, with a considerably larger cross section for γ + p→ Λ0 +K0 + pi+(+pi0...).
So K0 photoproduction at these energies is usually accompanied by pions.
3. The Manchester Experiment at NINA (Daresbury, UK)
A key innovation of the Manchester experiment was to use “automatic" (electronic) spark
chambers, to progress beyond the prevalent scanning and measuring of bubble chamber or
optical spark chamber pictures. We built small prototypes of three types: (a) sonic, with
three microphones around the edge of the spark gap, and timing the sound of the sparks, (b)
magnetostrictive, with one electrode consisting of wires crossing a magnetostrictive ribbon,
and (c) ferrite core memory, in which each wire of an electrode plane was threaded through
a ∼1 mm diameter ferrite core. The spark current-pulse flipped the magnetisation of the
core, inducing a pulse on a “read" wire connected to the data acquisition, before being reset
by a pulse on a third wire. (So our core memory board had about 1 mm3/bit; compare
with memory density today, 50 years later !) The ferrite core technique was chosen for the
experiment, and we made 12 planes, each 70× 121 cm. I believe that was the largest system
of electronic spark chambers in operation in 1968. 1 But that was the very year that Charpak
invented the multi-wire proportional chamber that superceded spark chambers, with a steady
high voltage, no sparks, more gentle discharges, and high rate capability.
The method of measuring the K0 flux after a 40 m flight path, where there are only K0L
left (cτ(K0L) = 15.34 m), was to insert a K
0
S regenerator made of 14 cm of iron. Because
K0 and K¯0 have different strong interactions and are differently attenuated in the iron, a K0S
component appears, and since cτ(K0S) = 2.684 cm they conveniently decay in a short fiducial
region, 69.2% of the time to pi+pi−. With two tracks to be detected from the K0S decays we
needed to resolve the x, y-ambiguity (if only two coordinates had been measured), so the
chambers immediately following the decay region were in u, v, x triplets, with wires at 60◦.
The sides ratio 70/121 = tan(30◦) was conveniently chosen so the inclined u- and v-wire
planes were parallel to the diagonals, and the wires emerged at the top and bottom with
exactly twice the spacing of the x-wires. The sum of the coordinates u+ v + x is a constant
for a real track, simplifying analysis on our PDP8 computer (programmed with punched
paper tape !).
1With the lights off, we could see through the wires the pions making tracks of sparks; that was exciting !
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Tha main improvements over the previous experiments [4,5] were the first use of “electronic"
wire chambers (no more scanning and measuring photographs !), using a bremsstrahlung
photon beam (from a 0.1 X0 tungsten target), using a 60 cm hydrogen target [7] as well as
nuclear targets (Be, Al, Cu) [8], and using a magnet to measure the momentum of at least
one pion. The acceptances and efficiences were calculated with Monte Carlo simulations.
After fitting to K0S → pi+pi−, the reconstructed K0S lifetime showed that the sample had
no background. The yields showed a strong increase with Eγ , see Fig. 1(a), rising from
threshold to dσ/dΩ = 15 ± 3 µb/sr/e.q. 2 on hydrogen for pK > 1.5 GeV/c at θ = 3◦.
The momentum spectra of the K0 peak at low values, ∼ 1.5 GeV/c; two-body reactions (see
above) do not dominate. The yield is significantly less than that predicted by Drell and Jacob,
implying a K∗Kγ coupling much smaller than they expected. Photoproduced φ→ KK¯ can
only account for a small fraction of the data; the total cross section for γ → φ being small
(∼ 0.4 µb).
Figure 1: (a) K0 yields [8] from hydrogen, above 1.5 GeV/c, as a function of
the peak bremsstrahlung energy; (b) Mass spectrum of charged particles [9]
from time-of-flight of the beam particle (K0 or n) plus final charged particle
(K+ or p), knowing the momentum of the latter. Note the pi+ background.
The data with nuclear targets (0.45 X0 of Be, Al, and Cu) required corrections for the ab-
sorption of the photon beam in the target and of the K0 leaving it. The photoproduction
cross section “per nucleon" shows a very small A-dependence : dσ/dΩ ∝ A1.09±0.03 (this
is after subtracting the few % contribution from coherent φ-photoproduction). The residual
2e.q., means “equivalent quantum", a measure of the photon flux using a quantameter.
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small rise could result from another coherent process, or from a difference in the production
off neutrons and protons. Quoting Ref. [8] It seems probable that most of the K0L yield is
produced in association with pions in multiparticle production events. This would account
for the large yield of low momentum K0L mesons.
4. K0L Decays
Having established a photoproduced K0 beam, the K0S-regenerator was removed to measure
K0L 3-body decays. (The CP-violating K
0
L → pi+pi− decay has a probability ∼ 2× 10−3 and
was not on our menu.) At the time these studies were “state of the art". An excellent review
of the contemporary theory is given in Ref. [10].
(a) K0L → pi+pi−pi0
Our first decay measurement [11] was the pi+pi−pi0 mode K3pi, which has a branching
fraction BF = 12.5% [12]. The pi0 was not detected, and the K3pi mode was distin-
guished from the pi±µ∓ν mode using kinematics. In a particular reference frame (the
Astier [13] frame) the kinetic energy of the K0L is positive for the 3pi mode, but it is
mostly negative for the semileptonic modes [11]. From 660,000 triggers 70,000 two-
track decays in the fiducial region were selected, of which 29,000 were classified as
K0L → pi+pi−pi0, with 17% semileptonic background. The main thrust of the analysis
was to study the decay matrix element using the distribution of decays over the trian-
gular “Dalitz plot". (The energies of the three pions in their c.m. frame have to add
up to M(K), and the normals to the sides of an equilateral triangle have to add up to a
constant. So each event can be plotted as a point on 60◦-triangular graph paper.)
Reconstructing the K0L momentum from the two pions involves a quadratic ambiguity,
which has to be considered in the analysis. The results can be presented in the form of
the pi0 kinetic energy, T0, spectrum, for which Weinberg had proposed [14] a general
form with linear, quadratic, cubic, etc. terms. Including a cubic term improved the,
basically linear, fit.
(b) K0L → pi±`∓ν
Studies were made of both the muon decay [15] Kµ3 (BF = 27%) and the electron
decay [16] Ke3 (BF = 40.6%). This was a decade before the discovery of the real W ,
but the term “strangeness-changing hadronic vector current" described in V – A theory
was the current language. The K0 emits a highly off-shell (!) W with 4-momentum-
squared q2 = (pK−ppi)2 (4-vectors), that couples to eν or µν. The aim is to investigate
the structure of this weak current; one writes down “form factors" f+(q2) and f−(q2)
that can be determined by fitting the Dalitz plot of the decays. Scalar and/or tensor
exchanges could show up in these distributions, so it was a test of the V – A theory.
For the Kµ3 measurements an iron absorber and a scintillation counter hodoscope were
added behind the spark chambers. The distribution of 9,066 events over the Dalitz plot
was measured, after correcting for acceptance and efficiencies using 105 Monte Carlo-
generated events. I will not discuss the fits using form factor parametrisations, except
that the f+ form factor, which should depend only on q2, shows a clear linear increase
from q2/m(pi)2 = 1.5 to 5.0. In contrast the f− form factor is negative and did not show
significant q2-dependence. Limits were put on scalar and tensor couplings.
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The Ke3 decays were distinguished by kinematics and the absence of a muon penetrat-
ing the Pb + Fe wall; this still left 13% Kµ3 background (there was no electromagnetic
calorimeter). The f+(q2) distribution is similar to that for Kµ3, but f− is suppressed
by the kinematic factor (me/mK)2. Again the data did not show any evidence for
scalar or tensor couplings, but the sensitivity was not very high: fS < 0.19 f+(0) and
fT < 1.0 f+(0) separately, assuming no destructive inteference between them.
5. K0L Interactions: K0 + p→ K+ + n
Although photoproduced K0 beams are not neutron-free, at least in the conditions of our
DNPL experiment, the n : K0 ratio is much less than in proton-produced beams, and the
Manchester-DNPL group took advantage of that [9] to measure K0 + p → K+ + n from
0.6 to 1.5 GeV/c. The quark-model was still relatively new, and while the known baryons
could all be accommodated as {qqq}, a baryon with positive strangeness, then called Z∗,
would have to be {qqqqq¯}, a “pentaquark", although that name came much later (∼1987). A
K+p state or resonance, having B = +1 and S = +1 would have to be {uuuds¯} and a K+n
state {uudds¯}, these were called “exotics". (I had left the Manchester group by this time,
but had looked for a Z∗ in K+p elastic scattering (pure I = 1) with a polarized target [17]
at CERN.) The reactions K+ + n → K+ + n and K+ + n → K0 + p required deuterium
targets; they have isospin amplitudes 1
2
(f1 + f0) and 12(f1 − f0), respectively. The inverse
reaction K0 + p → K+ + n avoids the neutron target complication, but has a neutron in
the final state. This was detected in a large scintillator block, but there would be a large
background from the reaction n+p→ p+n. One must distinguish K0 → K+ from n→ p,
knowing the momentum of the outgoing charged track but not its identity. The trick used was
to measure the time-of-flight over the 21 m of the beam particle “plus" the 5m of the charged
particle, using the RF of the synchrotron (0.5 ns bunch every 4.908 ns) picked up in a cavity
on the circulating beam. See Fig. 1(b). For our experiment, the bunch spacing in NINA was
doubled, since 5 ns caused ambiguities. The dominant (by a factor ∼200) n + p → p + n
events could be used to calibrate the neutron counter timing. The K0 + p → K+ + n cross
sections dσ/dΩ(p, cos θ) are presented, fit to Legendre polynomials and partial and total
cross sections derived. For details, see Ref. [9], but the last sentence is: The evidence for
a Z∗0 state must therefore be considered slender. Nevertheless, some 40 years later (now),
an experiment could certainly be done with much higher statistics and resolution and less
background. Pentaquarks are now in fashion. An exercise for this Workshop.
One last remark or suggestion. The K0L beam is (K
0 − K¯0)/√2, while a K0S is (K0 +
K¯0)/
√
2. NormallyK0 strong interactions are studied in a (pure)K0L beam. If the interaction
target can be placed very close to the K0 production target, before the K0S have decayed, the
strong interactions will have a different mixture of K0 and K¯0. By subtraction one can in
principle study the I = 0 and I = 1 amplitudes separately. Alternatively one can study the
interactions close behind a regenerator when the beam is a mixture of K0S and K
0
L, and by
varying the distance between the regenerator and the target one can vary the mix in a known
fashion.
6. Acknowledgments
I thank Paul Murphy (my professor 1965-1969) and Fred Loebinger for “the good old days".
9
And I thank the organizers, especially Igor Strakovsky, and JLab for the opportunity to
(reminisce and) participate in this Workshop. This work is supported by the US DOE.
References
[1] J.H. Christenson, J.W. Cronin, V.L. Fitch, and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).
[2] See, e.g., P.K. Kabir, The CP Puzzle (Academic Press, 1968).
[3] S.D. Drell and M. Jacob, Phys. Rev. 138, B1312 (1965).
[4] Cambridge Bubble Chamber Group, Phys. Rev. 156, 1426 (1967).
[5] J.F. Schivell et al., Phys. Rev. Lett. 19, 1349 (1967).
[6] R. Erbe et al. (Aaachen-Berlin-Bonn-Hamburg-Munchen Collaboration), Phys. Rev. 188,
2060 (1969).
[7] M.G. Albrow et al., Phys. Lett. 29B, 54 (1969).
[8] M.G. Albrow et al., Nucl. Phys. B 23, 509 (1970).
[9] J.C.M. Armitage et al., Nucl. Phys. B 123, 11 (1977).
[10] L.M. Chounet, J.-M. Gaillard and M.K. Gaillard, Phys. Rep. 4, 199 (1972).
[11] M.G. Albrow et al., Phys. Lett. 33B 516 (1970).
[12] K.A. Olive et al. (Particle Data Group), Chin. Phys. C 38, 090001 (2014).
[13] A. Astier et al., Int. Conf. on Elementary Particles, Aix-en-Provence (1961) p. 227 (in
French).
[14] S. Weinberg, Phys. Rev. Lett. 17, 153 (1966).
[15] M.G. Albrow et al., Nucl. Phys. B 44, 1 (1972).
[16] M.G. Albrow et al., Nucl. Phys. B 58, 22 (1973).
[17] M.G. Albrow et al., Nucl. Phys. B 30, 273 (1971).
10
2.2 Overview of Hall D Complex
Eugene Chudakov
Thomas Jefferson National Accelerator Facility
Newport News, VA 23606, U.S.A.
1. Hall D is a new experimental hall at Jefferson Lab, designed for experiments with a photon
beam. The primary motivation for Hall D is the GlueX experiment [1,2], dedicated to meson
spectroscopy. The Hall D complex consists of:
• An electron beam line used to extract the 5.5-pass electrons from the accelerator into
the Tagger Hall. The designed beam energy is Ee = 12 GeV.
• The Tagger Hall, where the electron beam passes through a thin radiator (∼0.01% R.L.)
and is deflected into the beam dump. The electrons that lost>30% of their energy in the
radiator are detected with scintillator hodoscopes providing a∼0.1% energy resolution
for the tagged photons. Aligned diamond radiators allow to produce linearly polarized
photons via the Coherent Bremsstrahlung. The beam dump is limited to 60 kW (5 µA
at 12 GeV).
• The Collimator Cave contains a collimator for the photon beam and dipole magnets
downstream in order to remove charged particles. The 3.4 mm diameter collimator,
located about 75 m downstream of the radiator, selects the central cone of the photon
beam increasing its average linear polarization, up to ∼40%in the coherent peak at
9 GeV.
• Hall D contains several elements of the photon beam line, and themain spectrometer. A
Pair Spectrometer consists of a thin converter, a dipole magnet, and a two-arm detector
used to measure the energy spectrum of the photon beam. The main spectrometer is
based on a 2-T superconducting solenoid, 4 m long and 1.85 m bore diameter. The
liquid hydrogen target is located in the front part the solenoid. The charged tracks are
detected with a set of drift chambers; photons are detected with two electromagnetic
calorimeters. There are also scintillator hodoscopes for triggering and time-of-flight
measurements. The spectrometer is nearly hermetic in an angular range of 1◦ < θ <
120◦. The momentum resolution is σp/p ∼ 1 − −3% depending on the polar angle θ.
The energy resolution of the electromagnetic calorimeters is about 7% at 1 GeV.
The main spectrometer is designed for photon beam rates below 100 MHz in the coherent
peak. Such a rate can be provided by a 2.2 µA beam on a 0.02 mm = 0.0125% R.L. diamond
crystal. The 1-st stage of GlueX is planned to run at a lower rate of 10 MHz.
Hall D and the GlueX experiment had 3 commissioning runs in 2014–2016. By April 2016,
all the systems have been commissioned at some level and most of them have reached the
specifications. Preliminary results of the 2014–2015 commissioning have been reported [3].
In addition to the GlueX experiment, two other experiments (both using Primakoff-type
reactions) have been approved by the Program Advisory Committee (PAC). In total, about
500 days of effective running have been approved by the PAC.
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2.3 The K0L Beam Facility at JLab
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Abstract
Following a Letter of Intent submitted to PAC43 at JLab in this talk we discuss the possibil-
ity to create a secondary K0L beam in Hall D to be used with GlueX detector for spectroscopy
of excited hyperons.
1. Introduction
Our current understanding of strong interactions is embedded in Quantum Chromodynamics
(QCD). However, QCD being a basic theory, extremely successful in explaining the plethora
of experimental data in the perturbative regime, faces significant challenges to describe the
properties of hadrons in non-perturbative regime. Constituent Quark Model (CQM) is sur-
prisingly successful in explaining spectra of hadrons, especially in the ground state; however,
CQM appears to be too naive to describe properties of excited states. It is natural that ex-
cited states are not simply explained with spatial excitations of constituent quarks, but it is
an effective representation revealing complicated interactions of quarks and gluons inside.
Hadron spectroscopy aims to provide a comprehensive description of hadron structure based
on quark and gluon degrees of freedom. Despite many successes in observing hundreds
of meson and baryon states experimentally we haven’t succeeded to either observe or rule
out existence of glueballs, hybrids and multi quark systems; although it is tempting to ex-
plain recently observed X, Y, Z [1] states as first evidences of tetraquarks as well as recently
observed heavy baryon states at LHCb [2] as charmed pentaquarks.
An extensive experimental program is developed to search for hybrids in the GlueX exper-
iment at JLab. Over the last decade, significant progress in our understanding of baryons
made of light (u, d) quarks have been made in CLAS at JLab. However, systematic studies
of excited hyperons are very much lacking with only decades old very scarce data filling the
world database in many channels. In this experiment we propose to fill this gap and study
spectra of excited hyperons using the modern CEBAF facility with the aim to use proposed
secondary K0L beam with physics target of the GlueX experiment in Hall D. The goal is to
study KL−p and KL−d interactions and do the baryon spectroscopy for the strange baryon
sector.
Unlike in the cases with pion or photon beams, Kaon beams are crucial to provide the data
needed to identify and characterize the properties of hyperon resonances.
Our current experimental knowledge of strange resonances is far worse than our knowledge
of N and ∆ resonances; however, within the quark model, they are no less fundamental.
Clearly there is a need to learn about baryon resonances in the “strange sector" to have a
complete understanding of three-quark bound states.
The masses and widths of the lowest mass baryons were determined with Kaon-beam exper-
iments in the 1970s [1]. First determination of pole positions, for instance for Λ(1520), were
13
obtained only recently from analysis of Hall A measurement at JLab [3]. An intense Kaon
beam would open a window of opportunity not only to locate missing resonances, but also
to establish properties including decay channels systematically for higher excited states.
A comprehensive review of physics opportunities with meson beams is presented in a recent
paper [4]. Importance of baryon spectroscopy in strangeness sector was discussed in Ref. [5].
2. Reactions that Could be Studied with K0L Beam
More details about this chapter could be found in a talk by Mark Manley at this workshop.
(a) Elastic and charge-exchange reactions
K0Lp→ K0Sp (1)
K0Lp→ K+n (2)
(b) Two-body reactions producing S = −1 hyperons
K0Lp→ pi+Λ (3)
K0Lp→ pi+Σ0 (4)
(c) Three-body reactions producing S = −1 hyperons
K0Lp→ pi+pi0Λ (5)
K0Lp→ pi+pi0Σ0 (6)
K0Lp→ pi0pi0Σ+ (7)
K0Lp→ pi+pi−Σ+ (8)
K0Lp→ pi+pi−Σ− (9)
(d) Two- and three-body reactions producing S = −2 hyperons
K0Lp→ K+Ξ0 (10)
K0Lp→ pi+K+Ξ− (11)
K0Lp→ K+Ξ0
∗
(12)
K0Lp→ pi+K+Ξ−∗ (13)
(e) Three-body reactions producing S = −3 hyperons
K0Lp→ K+K+Ω− (14)
K0Lp→ K+K+Ω−∗ (15)
Reactions 10–15 will be discussed in more details below.
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Figure 1: Schematic view of Hall D beamline. See a text for explanation.
3. The K0L Beam in Hall D
In this Section, we describe photo-production of secondary K0L beam in Hall D. There are
few points that need to be decided. To produce intensive photon beam one needs to increase
radiation length of the radiator up to 10% radiation length. In a first scenario Ee = 12 GeV,
electrons produced at CEBAF will scatter in a radiator in the tagger vault, generating in-
tensive beam of bremsstrahlung photons. This may will then require removal of all tagger
counters and electronics and very careful design of radiation shielding, which is very hard to
optimize and design. In a second scenario one may use Compact Photon Source design (for
more details see a talk by Pavel Degtiarenko at this workshop) installed after the tagger mag-
net, which will produce bremsstrahlung photons and dump electron beam inside the source
shielding the radiation inside. At the second stage, bremsstrahlung photons interact with Be
target placed on a distance 16 m upstream of liquid hydrogen (LH2) target of GlueX experi-
ment in Hall D producingK0L beam. To stop photons a 30 radiation length lead absorber will
be installed in the beamline followed by a sweeping magnet to deflect the flow of charged
particles. The flux of KL on LH2 target of GlueX experiment in Hall D will be measured
with pair spectrometer upstream the target. Details of this part of the beamline (for a details
see a talk by Ilya Larin at this workshop). Momenta of KL particles will be measured using
the time-of-flight between RF signal of CEBAF and start counters surrounding LH2 target.
Schematic view of beamline is presented in Fig. 1. The bremsstrahlung photons, created by
electrons at a distance about 75 m upstream, hit the Be target and produce K0L mesons along
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with neutrons and charged particles. The lead absorber of∼30 radiation length is installed to
absorb photons exiting Be target. The sweeping magnet deflects any remaining charged par-
ticles (leptons or hadrons) remaining after the absorber. The pair spectrometer will monitor
the flux of K0L through the decay rate of Kaons at given distance about 10 m from Be target.
The beam flux could also be monitored by installing nuclear foil in front of pair spectrometer
to measure a rate of K0S due to regeneration process KL + p → KS + p as it was done at
NINA (for details see a talk by Michael Albrow at this workshop).
Here, we outline experimental conditions and simulated flux of K0L based on GEANT4 and
known cross sections of underlying subprocesses [6–8].
• An electron beam with energyEe = 12 GeV and current Ie = 5 µA (maximum possible,
limited by the Hall D beam dump).
• A thickness of radiator 5 % radiation length.
• Primary Be target with R = 4 cm, L = 40 cm.
• LH2 target with R = 2 cm, L = 30 cm.
• Distance between Be and LH2 targets 24 m.
The expected flux of K0L mesons integrated in the range of momenta P = 0.3 – 10 GeV/c will
be ≈ 2× 103 K0L/sec on the physics target of the GlueX setup.
In a more aggressive scenario with
• A thickness of radiator 10%.
• Be target with a length L = 60 cm.
• LH2 target with R = 3 cm.
The expected flux of K0L mesons integrated over the same momentum range will increase to
≈ 104 K0L/sec.
In addition to these requirements it will require lower repetition rate of electron beam with
∼ 40 ns spacing between bunches to have enough time to measure time-of-flight of the
beam momenta and to avoid an overlap of events produced from alternating pulses. Lower
repetition rate was already successfully used by G0 experiment in Hall C at JLab [9].
The radiation length of the radiator needs further studies in order to estimate the level of
radiation and required shielding in the tagger region. During this experiment all photon
beam tagging detector systems and electronics will be removed.
The final flux of K0L is presented with 10% radiator, corresponding to maximal rate .
In the production of a beam of neutral Kaons, an important factor is the rate of neutrons as
background. As it is well known, the ratio R = Nn/NK0L is on the order 10
3 from primary
proton beams [10], the same ratio with primary electromagnetic interactions is much lower.
This is illustrated in Fig. 2, which presents the rate of Kaons and neutrons as a function of
the momentum, which resembles similar behavior as it was measured at SLAC [11].
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Figure 2: The rate of neutrons (open symbols) and K0L (full squares) on LH2
target of Hall D as a function of their momenta simulated with different MC
generators with 104 K0L/sec.
Shielding of the low energy neutrons in the collimator cave and flux of neutrons has been
estimated to be affordable, however detailed simulations are under way to show the level of
radiation along the beamline.
Th response of GlueX setup, reconstruction efficiency and resolution are presented in a talk
by Simon Taylor at this workshop.
4. Expected Rates
In this Section, we discuss expected rates of events for some selected reactions. The pro-
duction of Ξ hyperons has been measured only with charged Kaons with very low statistical
precision and never with primary K0L beam. In Fig. 3 panel a) shows existing data for the
octet ground state Ξ’s with theoretical model predictions for W (the reaction center of mass
energy) distribution, panel b) shows the same model prediction [12] presented with expected
experimental points and statistical error for 10 days of running with our proposed setup with
a beam intensity 2×103 KL/sec using missing mass of K+ in the reaction K0L +p→ K+Ξ0
without detection of any of decay products of Ξ0 (for more details on this topic see a talk by
Kanzo Nakayama at this workshop).
The physics of excited hyperons is not well explored, remaining essentially at the pioneering
stages of ’70s-’80s. This is especially true for Ξ∗(S = −2) and Ω∗(S = −3) hyperons.
For example, the SU(3) flavor symmetry allows as many S = −2 baryon resonances, as
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Figure 3: a) Cross section for existing world data on K− + p → K+Ξ− re-
action with model predictions from [12]; b) expected statistical precision for
the reaction K0L + p → K+Ξ0 in 10 days of running with a beam intensity
2× 103 KL/sec overlaid on theoretical prediction [12].
there are N and ∆ resonances combined (≈ 27); however, until now only three [ground state
Ξ(1382)1/2+, Ξ(1538)3/2+, and Ξ(1820)3/2−] have their quantum numbers assigned and
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few more states have been observed [1]. The status of Ξ baryons is summarized in a table
presented in Fig. 4 together with quark model predicted states [13].
Figure 4: Black bars: Predicted Ξ spectrum based on the quark model calcula-
tion [13]. Colored bars: Observed states. The two ground octet and decuplet
states together with Ξ(1820) in the column JP = 3/2− are shown in red color.
Other observed states with unidentified spin-parity are plotted in the rightest
column.
Historically the Ξ∗ states were intensively searched for mainly in bubble chamber experi-
ments using the K−p reaction in ’60s–’70s. The cross section was estimated to be on the
order of 1–10 µb at the beam momenta up to 10 GeV/c. In ’80s–’90s, the mass or width
of ground and some of excited states were measured with a spectrometer in the CERN hy-
peron beam experiment. Few experiments have studied cascade baryons with the missing
mass technique. In 1983, the production of Ξ∗ resonances up to 2.5 GeV were reported
from p(K−, K+) reaction from the measurement of the missing mass of K+ [14]. The ex-
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perimental situation with Ω−∗’s is even worse than the Ξ∗ case, there are very few data for
excited states. The main reason for such a scarce dataset in multi strange hyperon domain
is mainly due to very low cross section in indirect production with pion or, in particular, -
photon beams. Currently only ground state Ω− quantum numbers are identified. Recently
significant progress is made in lattice QCD calculations of excited baryon states [15, 16]
which poses a challenge to experiments to map out all predicted states (for more details see
a talk by David Richards at this workshop). The advantage of baryons containing one or
more strange quarks for lattice calculations is that then number of open decay channels is
in general smaller than for baryons comprising only the light u and d quarks. Moreover,
lattice calculations show that there are many states with strong gluonic content in positive
parity sector for all baryons. The reason why hybrid baryons have not attracted the same
attention as hybrid mesons is mainly due to the fact that they lack manifest “exotic" charac-
ter. Although it is difficult to distinguish hybrid baryon states, there is significant theoretical
insight to be gained from studying spectra of excited baryons, particularly in a framework
that can simultaneously calculate properties of hybrid mesons. Therefore this program will
be very much complementary to the GlueX physics program of hybrid mesons.
The proposed experiment with a beam intensity 104 KL/sec will result in about 2× 105 Ξ∗’s
and 4× 103 Ω∗’s per month.
A similar program for KN scattering is under development at J-PARC with charged Kaon
beams [17]. The current maximum momentum of secondary beamline of 2 GeV/c is avail-
able at the K1.8 beamline. The beam momentum of 2 GeV/c corresponds to
√
s=2.2 GeV in
the K−p reaction which is not enough to generate even the first excited Ξ∗ state predicted in
the quark model. However, there are plans to create high energy beamline in the momentum
range 5 – 15 GeV/c to be used with the spectrometer commonly used with the J-PARC E50
experiment which will lead to expected yield of (3− 4)× 105 Ξ∗’s and 103 Ω∗’s per month.
Statistical power of proposed experiment with KL beam at JLab will be of the same order as
that in J-PARC with charged Kaon beam.
An experimental program with Kaon beams will be much richer and allow to perform a
complete experiment using polarized target and measuring recoil polarization of hyperons.
This studies are under way to find an optimal solution for GlueX setup.
5. Summary
In summary, we intend to create high intensity KL beam using photoproduction processes
from a secondary Be target. A flux as high as 104 KL/sec could be achieved. Momenta of
KL beam particles will be measured with time of flight. The flux of Kaon beam will be
measured through partial detection of pi+pi− decay products from their decay to pi+pi−pi0 by
exploiting similar procedure used by LASS experiment at SLAC [11]. Besides using unpo-
larized LH2 target currently installed in GlueX experiment additional studies are needed to
find the optimal choice of polarized targets. This proposal will allow to measure KN scat-
tering with different final states including production of strange and multi strange baryons
with unprecedented statistical precision to test QCD in non perturbative domain. It has a
potential to distinguish between different quark models and test lattice QCD predictions for
excited baryon states with strong hybrid content.
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Abstract
One of the main goals for the hadron physics is to understand the effective degrees of
freedom (EDoF) in hadron and reveal their interactions. Spectroscopy of ground and excited
states of baryons will give us hints to understand the EDoF of hadron. In addition, testing
properties of known mesons/baryons, such as masses and decay widths, inside nuclear matter,
will give us unique information on the interaction between EDoF and QCD vacuum.
In this paper, I will discuss the goal of the hadron physics and summarize experimental
programs performed and planned at J-PARC. Finally, I will briefly discuss a future project at
J-PARC, which is now under discussion.
1. Introduction
The strong interaction between elementary particles has been described very well by the
quantum chromo dynamics (QCD). The missing element of a standard model of elementary
particles, i.e., the Higgs boson, has been discovered at CERN/LHC in 2012. Therefore the
theory of known elementary particles, including the strong interaction, is now completed.
There are many varieties of matter created by QCD, such as hadrons, nuclei and very high-
density nuclear matter, such as neutron stars. Those type of matter must be interpreted by the
QCD. However, due to the complexity of the QCD theory, it is very difficult to solve all prob-
lems and to understand the connection between elementary particles like quarks and gluons
and hadrons or extremely high-density matter. It should be noted that not even the first step,
how the hadrons and their excited states are created, is clearly understood. Therefore, not
only more experimental efforts to understand hadron phenomena, but also strong theoretical
supports for the hadron/nuclear physics are still mandatory to understand the matter created
by QCD.
Some of the goals of hadron physics could be summarized as in the following two questions.
First, how the hadrons are created via QCD? In other words, what are the effective degrees
of freedom to describe hadron and excited hadrons? Second, hadrons are understood as
excitations of QCD vacuum. Therefore, a change of vacuum condition should affect directly
to the properties of hadron, such as mass and width. Thus, we need to know how hadron
properties change when environmental condition changed, i.e., vacuum inside nuclear matter.
In normal conditions, the world consists only from light quarks, i.e., u and d quarks. How-
ever, inside the compressed QCD matter, creation of hadrons with strangeness is expected,
theoretically. For such condition, hadrons with strangeness cannot be ignored to understand
high-density matter. For example, anti-Kaon in nucleus is a hot subject in the hadron physics,
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which may give us hints toward physics in high-density nuclear matter. One the other hand,
baryons with strangeness themselves are also a very important subject. According to the
quark model, color magnetic interaction between constituent quarks can be expressed as
follows.
VCMI ∼ αs
mimj
(λi · λj)(~σi · ~σj), (1)
where, m, λ and ~σ are mass, color and spin of constituent quarks, respectively. The equation
tells us that if we choose heavy quarks as constituents for hadrons, color-magnetic interaction
between a light quark and heavy quark is going to be zero.
Therefore, the interaction between light quarks will be dominant. In the case of baryons,
strong correlation between di-quark will be realized. Hints for this type of correlation are
expected to appear in the excited baryon spectra/decay pattern of hadron. Since the strange
quark mass is heavier that u and d are, we may expect signal for such di-quark correlation
in the S=-1 baryon system. In addition, S=-2 baryon can be treated as an analogy of baryon
with two heavy quarks. It should be noted that baryon with two heavy quarks, such as
Ξcc for example, have not been observed. Therefore, S=-2 baryon spectroscopy will be a
unique doorway to understand the structure of baryons with heavy quarks, in other words, the
investigation will give us an insight to the effective degrees of freedom to describe hadrons.
Therefore, hadron with strangeness, i.e., baryon with strangeness (Λ/Ξ/Ω) and/or Kaon, will
be a key ingredient to understand the questions mentioned above.
2. J-PARC
The Japan Proton accelerator Research Complex (J-PARC) is one of the key machines to
perform hadron physics. Proton beam accelerated up to 30 GeV by J-PARC Main Ring
Synchrotron (MR) is delivered to Hadron experimental facility (HD) and shoot onto the
production target, which is made by gold, to produce secondary hadron beams, such as
pi±, K± and p, p¯. Typical beam intensity of the primary proton beam is 4.8×1013 proton per
spill (pps), where the spill length is 2 seconds with a 5.52 seconds repetition cycle. Inside
HD, four beamlines are designed, two (K1.8, K1.8BR) are in operation and two (K1.1 and
High-p) are under construction. The typical beam intensities for secondary particle for each
beam lines are summarized in Table 2. As one can see, particle separated beams can be
available up to 2 GeV/c and unseparated beam is available up to 20 GeV/c. In addition, a
primary proton beam is also available for the experiment. A more detailed description can
be found elsewhere [1].
3. Hadron Physics Performed at J-PARC
(a) Search for Penta-Quark Baryon
Only color singlet state can exist as hadrons. This is a conclusion from QCD. There-
fore, hadrons which have 5 quarks (qqqqq¯) are not forbidden by QCD. Thus, many ex-
perimental challenges have been performed to search for such exotic states. Strong ev-
idence have been reported from photo-production experiment [2], however, also many
negative results are reported (mainly from hadro-production) [3–6]. At J-PARC hadro-
production of penta-quark state using high intensity pion beam is performed, by (pi,K)
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Table 1: J-PARC Beam line specifications.
beamline paricle momentum range typical beam intensity
(40 kW MR operation)
K1.8BR pi±, K± and p, p¯ (separated) < 1.1 GeV/c 1.5×105 K−/spill@ 1 GeV/c
K1.8 pi±, K± and p, p¯ (separated) < 2.0 GeV/c 5.0×105 K−/spill@ 2 GeV/c
K1.1 pi±, K± and p, p¯ (separated) < 1.1 GeV/c 1.5×105 K−/spill@ 1 GeV/c
High-p pi±, K± and p, p¯ (unseparated) up to 20 GeV/c >∼107pi−/spill@ 20 GeV/c
>∼106K−/spill@ 7 GeV/c
primary proton 30 GeV ∼ 1011 proton / spill
reaction on hydrogen target [7,8]. No signal has been observed so far. To date, still the
conclusion has not been reached concerning whether a penta-quark state exists or not.
(b) Search for Kaonic Nucleus
Because strong attractive force exists between anti-Kaon and nucleon, the existence
of the strongly bound Kaonic-nuclear state has been discussed for a long time. It is
interesting to note that, theoretically, the inside of the Kaonic nucleus could turn into
high density, much higher than normal nuclear matter density. Therefore, the study
of Kaonic nucleus will give us some insight on QCD at high-density matter. There
are many experiments to search for such exotic state, which have been performed to
date, however, still not strong conclusion is made. Two new experiments have been
performed at J-PARC. Both experiments are focussing on the lightest Kaonic nuclear
cluster, i.e., K−pp state. One is the E27 experiment, which aims to search for K−pp
cluster via (pi,K) reaction. The result shows some indication for the deeply bound
K−pp bound state [9]. The other experiment is the E15 experiment, which aims to
search for the K−pp bound state via 3He(K−, n) reaction. The first results from the
E15 experiment shows [10] no clear signal found in deeply bound region, but an in-
teresting events enhancement has been observed near the K−pp threshold region. Re-
cently, the E15 experiment reported new results on exclusive analysis on 3He(K−,Λp)n
reaction [11]. The result is shown in Figure 1. Figure 1(a) shows a scatter plot for the
invariant mass of Λp versus neutrons emitted angle in the center of mass frame. Fig-
ure 1(b) and (c) are the projection of the plot to the axes. Expected contributions are
also plotted as histogram in Figure 1(b). A clear enhancement with respect to the ex-
pected contributions are seen just bellow the K¯NN threshold. It is interesting to note
that as shown in Figure 1(c), a clear event concentration at cos(θCM) ∼ 0, where slowly
moving K¯ produced is seen. This will be a necessary condition to form K¯NN bound
state. However, due to the small statistics, it is still hard to conclude whether K¯NN
bound states are produced or not.
Because both experiments try to produce K−pp cluster by different production mecha-
nisms further detailed studies are still needed to conclude whether K−pp cluster really
exists or not, and to know its properties.
(c) Mesons in Nuclei
Chiral symmetry in QCD vacuum is spontaneously broken. It is now understood that
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Figure 1: Results recently published by the J-PARC E15 Collaboration [11].
mass of the hadrons is generated dynamically by the broken symmetry. However, the
chiral symmetry will be partially restored in high-density matter such as inside nuclei.
This information can be checked through the measurement of the mass of mesons or
search for the meson nuclear bound state. Because vector mesons have relatively long
lifetime, therefore three experiments have been proposed to study the vector mesons in
nuclear matter: E16 [12], E26 [13], and E29 [14].
The E16 experiment is aiming to measure the line shape of vector mesons via measur-
ing V → e+e− decay inside a nucleus. The experiment is planed to be perform using
the 30 GeV primary proton beam at the high momentum beam line.
The E26 experiment is planed to search for ω meson nuclear bound state. To maximize
the formation probability of ω meson nucleus, slowly moving ω mesons are selectively
produced via (pi, n) reaction using the 2 GeV/c pion beam at K1.8 beamline. Signal of
ω mesic nucleus is identified via missing mass spectroscopy of forward going neutron.
The E29 experiment is forccusing on the φ meson nuclear bound state. Very exotic
elementary reaction channel, p¯p → φφ, has been chosen to produce slowly moving φ
meson. The experiment is planning to use the 1.1 GeV/c p¯ beam at K1.8BR beamline.
The signal is identified via missing mass analysis using the forward going φ meson,
together with the K+ and Λ from the target as final state particles, to ensure the double
25
strangeness pairs are produced.
(d) S=-2 and S=-3 Baryon Spectroscopy
To understand the effective degree of freedom to describe hadrons, in other words, what
are the DoF to control the excited baryon spectra, it is very important to identify the
complete spectra of S=-2 and/or S=-3 baryons. However, according to the PDG, only a
small number of S=-2 baryons are established. In case of Ω baryon, only ground state
is known. High intensity Kaon beam will improve the situation drastically. It should be
noted that in case of nucleon resonances, the widths are very broad, typically more than
∼270 MeV, thus it is hard to identify the states easily. However, the trend of baryon
with strangeness shows widths which are much narrower than of nuclear resonances,
it is about ∼40 MeV. Therefore, we have a chance to identify those excited multi-
strangeness baryon clearly. The experiment to identify Ξ baryons are in preparation
at High-p beam line where high momentum K− beam will be available. The missing
mass spectroscopy via (K−, K+) or (K−, K+pi+) is planed to establish and search for
the Ξ baryons [15]. The experiment is expected to pin down the Ξ baryon spectra up to
the baryons with mass ∼3 GeV/c2.
(e) Future projects: Hadron Hall Extension
To extend the physics cases reachable at J-PARC, an extension of the HD facility is
under discussion. It is true that high momentum K− is already available at High-p
beamline. However, the intensity of the beam is rather low, which limits the reach of
the excited Ξ search. Moreover, excited state for Ω baryon are not possible at High-
p beamline, because the expected cross section is very small (sub µb). In addition,
at High-p beamline, only a cocktail beam of pi−,K− and p¯ is available, but most of
it are pions. Therefore, experiments will be facing serious problems of pion interac-
tions, which is indeed the main background for Kaon interaction studies. Therefore,
high intensity and particle separated beamline is very important to enhance the physics
opportunities at J-PARC.
Figure 2 shows a conceptual design for the extended hadron hall. For this extension,
we will construct three new charged particle beamlines for hadron/nuclear physics and
one new K0 beam line to search the K0L → pi0νν¯ decay. which has great sensitivity
to the beyond the standard model. Here, we will concentrate on the K10 beamline,
where high intensity and high momentum K− and p¯ beam will be available. Figure 3
shows the expected beam intensities at K10 for K− and p¯. As one can see in Figure 3,
the expected beam intensities will be 107 per spill at 4 to 6 GeV/c K− and 107 per
spill for 10 GeV/c p¯. Utilizing those beam particles, we are planing to perform Ω
baryon spectroscopy which will be possible at J-PARC once the hadron hall extension is
realized. Moreover, recent lattice QCD calculation shows that tha interaction between
Ω baryon and nucleon is attractive. If this is true, Ω baryon and nucleon may form Ω-N
bound state. Therefore the experiment to search for the Ω-N bound state may be very
important.
In addition, high intensity p¯ beam will open new opportunity to investigate charmed
meson properties in nucleus (nuclear matter). Since long time, the interaction between
D meson and nucleon is believed to be attractive, based on the many theoretical pre-
dictions [16–18]. However, recent QCD sum rule calculation shows it is repulsive, in
26
Figure 2: Conceptual design for extended Hadron Hall.
Figure 3: Expected beams intensities at K10 beamline.
other words, D meson is getting heavier in nuclear matter [19, 20]. Because no exper-
iment was performed to investigate the D meson and nucleon interaction, no concrete
information is available experimentally.
Therefore, the D meson properties in nuclear matter is one of the interesting subject
to date. At K10, we plan to perform the experiment to measure D¯D production with
p¯ beam on proton and on nuclei, which will give us a hints for the DN interaction. It
is interesting to note that recently many exotic hadrons are reported by collider exper-
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iments, such as Belle, BaBar, LHCb, BES etc. Those measurements provide insight
into the structure of hadrons, which can be summarize as follows.
i. Charmonium spectra can be describe very well by the model of constituent quarks
acting as effective degree of freedom to describe charmonium, i.e., constituent
quark model.
ii. Many exotic hadrons are also discovered. It is interesting that those exotic hadrons
exist only above the DD¯ production threshold.
Those phenomena indicates that the production cross section of DD¯ near the produc-
tion threshold might be sensitive whether such exotic states are really produced or not.
Figure 4 shows conceptual design for the spectrometer we are planing to install K10
beamline. The detector consists of large volume solenoid detector surrounding the
target together with forward dipole spectrometer.
Figure 4: Conceptual design for Detector at K10.
4. Summary
In this paper, physics programs currently performed at J-PARC are reviewed. Baryon spec-
troscopy and mesons in nucleus using high intensity pion and Kaons beams are main topics
for experimental programs at the current J-PARC hadron hall. Many new results are coming
out.
At present, investigation for K¯N interaction is performed using high intensity low momen-
tum K−. Recently available new data from E15 shows strong hint about K¯NN cluster.
However, to make strong conclusion, we need to wait the completion of the analysis with
large data sample. Data have already been taken and data analysis is under the way.
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A new project at J-PARC, i.e., Hadron hall extension, was introduced. Three separated
charged secondary beamlines will be constructed. In particular high intensity and high mo-
mentum particle separated beamline(K10) is very important for the hadron physics. High
momentum Kaons beam at K10 will allow to perform multi-strangeness baryons spectroscopy.
Moreover, the high intensity anti-proton beam will open the door to a new physics subject,
i.e., charmed mesons in nuclei.
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2.5 Low Energy Kaon Scattering: Present Status and Open Possibilities
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Abstract
An overview of the experimental results on low energy scattering of charged and neutral
Kaons is given. Emphasis is put on the still missing information, which could be essential to
provide a thorough description of the KN interaction close to threshold as well as below it,
and that could be achieved by exploiting the unique features of a high intensity K0L beam.
1. Neutral Kaon Scattering: Properties and Cross Sections Measurements at Low Ener-
gies
The low energy cross section data for the interaction of charged Kaons with protons or
neutrons (in deuterium targets) are rather few and imprecise. Below 350 MeV/c incident
momentum only old measurements exist, which date back to the Eighties and earlier years,
and were performed in bubble chamber experiments or with emulsions [1]. This low energy
region could still be fruitfully explored by the DAΦNE machine in Frascati, and proposals
were put forward some years ago in this respect [2].
For neutral Kaons the situation is even worse. Few data exist down to 130 MeV/c with a
statistical accuracy limited to 10-20% for the K0Lp scattering, and a little better for K
0
Ld [3].
The trend of low momentum K0Lp total cross section, from Ref. [3], is reported in Fig. 1: a
typical total cross section at low momenta for K0L induced scattering on protons is around
70 mb, and twice as large on deuterons.
Figure 1: TotalK0Lp cross section. From Ref. [3]. The superimposed curves are
the trends expected on the basis of different solutions for the K−p scattering
lengths (see text).
It is useful to recall that neutral Kaons behave as two different kinds of particles depending
on the interaction they are subject to. The weakly interating particles, CP -eigenstates K0S
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and K0L, are linear combinations (of almost equal strenght, at the precision level of scat-
tering measurements) of the strangeness eigenstates, K0 and K0. These are the relevant
particles for evaluating the effect of the strong interaction in the scattering. According to the
strangeness of the meson, however, its behavior as hadronic probe is largely different.
The Kaons with strangeness S = +1, i.e., K+ and K0, have just a mild interaction with
the medium. The cross sections are small, of the order of 10 mb, and are dominated by the
elastic channel with a small contribution from Charge Exchange. The relevance of these
scattering processes is mainly related to the possible formation of exotic pentaquark systems
(q4q), that however have never been observed so far (anyway, if ever existing, these states are
not likely to show up at low energies). In the K+p scattering a sizeable contribution, almost
as large as the one due to strong interaction, comes from the electromagnetic interaction,
relevant especially at small angles [4]. The K+p system is a pure isospin I = 1 state, and
its S-wave scattering length, which will be described in more detail in Sec. 2.5.1.a, has been
determined with good (∼ 1%) precision.
On the other hand, Kaons with strangeness S = −1 are strongly absorbed. The inter-
action cross sections are larger than 50 mb, and several baryonic resonances (formerly
known as Y ∗), both with isospin 0 and 1, may be excited even below threshold. The
KN system is therefore strongly coupled, via these resonances, to several channels, like
Λpi, Σpi, Y η, Y pipi etc. The different behavior of the two K0L components implies that the
interaction of such a beam with dense matter basically kills the K0 amplitude, which is al-
most completely absorbed. However, if the interaction of K0L occurs on protons, final states
are produced resulting from both K0 and K0 interactions with different amplitudes: from
their interference one might extract information on the relative sign of the K0N and K0N
potentials. While the K0p system is a mixture of I = 0 and I = 1 amplitudes, the K0p is in
pure I = 1: the information the latter can provide is complementary to what can be obtained
by the study of K+p, but without any Coulomb interaction. Moreover, the final states which
can be produced in a K0p scattering are the charge conjugate of those reachable in a K−n
interaction; therefore, they carry the same information but don’t require the use of deuterium
as a target, which inevitably introduces three-body interactions between the target and the
projectile that need to be properly taken into account.
It is also worthwhile to notice that on the basis of charge symmetry one can assume that
σtot(K
0p) = σtot(K
+n) and σtot(K0p) = σtot(K−n). These equalities were proved to be
valid at least to the precision level of old bubble chamber experiments, and were often used
to indirectly assess unmeasured cross sections [5].
The existence of resonant states prevents the use of perturbative theories to describe the KN
interaction close to threshold. To this purpose, non-perburbative chiral based coupled chan-
nel approaches are usually applied, adapting the models to all the available experimental
observations, including, besides elastic and inelastic cross sections, also measurements of
hadronic branching ratios close to threshold, resonances lineshapes, and inputs from Kaonic
atom levels shifts due to strong interaction and their widths. Several models have been elab-
orated in the years to reproduce the K−N experimental data [6]; more new inputs would of
course be welcome not only to improve the data description, but also to provide a more reli-
able prediction of the below-threshold behavior, that is relevant for the study of sub-threshold
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baryonic resonances and the possible existence of multinucleon-antiKaon aggregates, as will
be discussed in Sec. 2.5.2.a.
(a) Low energy scattering parameterizations
An old fashioned simple but useful way to describe the low energy interaction of par-
ticles is to parametrize the scattering cross sections in terms of S-wave scattering
lengths [7]. Assuming the reaction energy to be low enough to allow only the S-wave
to be involved, and the “zero-effective range" approximation to be appliable, the scat-
tering length A = a + ib, that in general is a complex number, can be used to describe
univoquely the phase-shift in each channel of given isospin and strangeness through the
relationship cot δ = 1/kA, where δ is the phase-shift and k the projectile wave num-
ber. In a definite isospin-strangeness channel, the scattering cross section may then be
expressed by the general formula:
σ =
a2 + b2 + b/k
k2a2 + (1 + kb)2
. (2)
The efforts of the first experiments measuring K− scattering was mainly to extract the
real and imaginary part of the scattering lengths for the two isospin sources from the
available cross sections [8]. Due to the lack of data and the loose constraints provided,
however, these assessments were far from being precise and several equally good so-
lutions were often found, with large ambiguities which survived until recently, when
precise measurements of Kaonic atom levels were performed and could be used as
precise additional inputs.
The S-wave K0Lp scattering cross sections may be expressed, in zero-range approssi-
mation, through four parameters: the isospin I=0 and I=1 real scattering lengths a0 and
a1 for the S = +1 channels, and the complex (absorptive)A = a1+b1 scattering length
for the S = −1, I = 1 channel [9]. By means of these parameters the low-energy cross
sections have the following simple expressions:
total cross section
σtot = 2pi
[
1
2
a20
1 + k2a20
+
1
2
a21
1 + k2a21
+
a21 + b
2
1 + b1/k
k2a21 + (1 + kb1)
2
]
;
elastic cross section
σ(K0Lp→ K0Lp) = pi
∣∣∣∣12 a01− ika0 + 12 a11− ika1 + a1 + ib1k2a21 + (1 + kb1)2
∣∣∣∣2 ;
regeneration cross section
σ(K0Lp→ K0Sp) = pi
∣∣∣∣12 a01− ika0 + 12 a11− ika1 − a1 + ib1k2a21 + (1 + kb1)2
∣∣∣∣2 ;
one nucleon absorption cross section
σ(K0Lp→ Y pi) =
2pi
k
b1
k2(a21 + b
2
1) + 2kb1 + 1
.
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In the following a short account of the existing measurements of the above cross sec-
tions at low momenta will be given.
i. K0Lp→ K0Sp regeneneration cross section
The main purpose of the first measurements of the regeneration cross sections [10]
was the investigation of the features of the Y ∗1 resonances (in particular, the Σ(1385)),
and the search for the possible existence of exotic I = 0, S = +1 Z∗ states. The
amplitude may be written by the sum of the I = 0 and I = 1 K0N terms, and the
I = 1 K0N one: T = 1
4
(Z0 + Z1)− 12Y1; the resulting cross section derives from
the interference between the S = −1 and S = 1 amplitudes. Regeneration cross
sections were measured down to 300 MeV/c [11], and at the lowest momenta they
amount to about 5 mb. Fig. 2 reports the available experimental data with, super-
imposed, a few parameterizations deduced from different solutions for the K−n
scattering length value (via the application of the charge symmetry assumption).
The differential cross sections exhibit moreover a marked backward peaked trend
as a function of the K0S emission angle in the reaction center of mass [12].
Figure 2: Low momentum K0L regeneration cross section, from Ref. [10].
ii. Inelastic Cross Sections and Hyperon Production Yields
The relevant reactions for the K0L induced production of baryonic resonances at
low energies are K0Lp → Λpi+, Σ0pi+ and K0Lp → Λpi+pi0. An assessment of
the ratio of regeneration to elastic yields, R = σ(K
0
Sp)
σ(Λpi+)+2σ(Σ0pi+)
, was used by early
experiments [13, 14] to discriminate among the expected trends, as a function of
K0L momentum, from different sets of solutions for the K
−p scattering length. As
shown in Fig. 3 (left), none of the trends expected for R on the basis of different
solution sets could reproduce in a satisfactory way the observed yields.
Figures 3 center and right show, respectively, the inelastic cross sections for the re-
actionsK0Lp→ Λpi+ (about 5 mb at 300 MeV/c) andK0Lp→ Σ0pi+ (∼ 3 mb). The
K0Lp → Λpi+pi0 channel is less relevant (< 1 mb) [15], and is mainly dominated
by the Σ0(1385) production.
2. Low Energy KN Dynamics: Open Problems
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Figure 3: Left: ratio, as a function ofK0L momentum, of the yields for regenera-
tion to inelastic scattering. The lines represent the expected trends on the basis
of different solutions chosen for the K−p scattering length, from Ref. [13].
Center: K0Lp→ Λpi+ cross section; Right: K0Lp→ Σ0pi+ cross section. When
existing, the data are compared to cross section measurements in the charge
conjugated channels. The last two pictures are from Ref. [15].
The KN interaction still presents some obscure aspects which only few more accurate data
will be able to shed light on. The basic fact is the strong attractiveness of the interaction close
to threshold and even below it, that manifests itself with the existence of a baryonic quasi-
bound KN state, the Λ(1405), embedded in the piΣ continuum. This means that a strong
coupled-channel dynamics betweenKN and Σpi exists; to reproduce this behaviour a below-
threshold extrapolation of the trend of the KN amplitude based on observed data must be
exploited. However, the relatively scarce precision of the presently available experimental
data close to threshold has severe drawbacks on the accuracy of the sub-threshold extrapo-
lations. For this reason, new experimental inputs would certainly be welcome, especially if
characterized by fixed quantum numbers (like the Coulomb free I = 1 K0Lp interaction).
Several chiral inspired coupled-channels models have been elaborated over the years [6]. The
most recent ones [16] are able to reproduce satisfactorily most of the existing data through
global fits, especially since when the newest measurement of the Kaonic hydrogen 1S level
performed by the SIDDARTHA Collaboration [17] was included in the data set. We recall
that the energy shift ∆E and width Γ of the 1S Kaonic hydrogen line are directly related to
the a(K−p) scattering length value through the Trueman-Deser formula (including second
order isospin corrections): ∆E − iΓ/2 = −2α3µ2T a(K−p) [1 + 2αµT (1− logα)a(K−p)],
where α is the strong coupling constant, and µT the reduced mass of the K−p system. The
new measurement performed by the SIDDARTHA Collaboration fixes the inconsistencies
emerging from the previous experiments on Kaonic hydrogen, and is fully compatible with
all the existing scattering data. Unfortunately, the experiment was not sensitive enough to
perform also a measurement of the 1S Kaonic deuterium level, that could allow the determi-
nation of the K−n scattering length; however, an upgrade was proposed to this purpose and
is foreseen to run at DAΦNE in the near future.
The Kaonic hydrogen new measurement is very useful to provide much more stringent con-
straints for the determination of the scattering lengths in the two different isospin chan-
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nels [18]. Calculations have been performed also to assess the extent of the K−n (fixed
I = 1) scattering length [19], but the evaluation is still rather imprecise due to the large
uncertainty of the experimental inputs (especially of the scattering data in the Λpi channel).
As shown in Ref. [20] the I = 1 KN interaction is expected to be weaker as compared to
the I = 0 source; therefore, data from Kaonic deuterium or from K0Lp scattering would be
useful in this respect.
(a) Subthreshold behavior: the Λ(1405) case and the case for possible nuclear-Kaonic
aggegates
The measurement of the Kaonic hydrogen ∆E and Γ provides a single experimental
point to constrain the behavior of the below-threshold real and imaginary part of the
K−p elastic scattering amplitude, as shown in Fig. 4 from Ref. [21]. This result is
just one typical snapshot of the outcomes of several equivalent high-quality below-
threshold extrapolations: Re(a(K−p)) = −0.65±0.10 fm, and=m(a(K−p)) = 0.81±
0.15 fm. In spite of the uncertainty of the prediction, represented by the grey band
around the best fit result, basically all models agree on the existence of the Λ(1405)
resonance, to be interpreted as a I = 0 KN system bound by 27 MeV. This resonance
is dinamically generated by the interplay of two poles in the second Riemann sheet,
one at higher mass (1424− i26 MeV) coupled to the KN channel, and the second at a
lower mass value (1381− i81 MeV) dominated by the Σpi coupling [19].
Figure 4: Solutions for the real and imaginary part of theK−p elastic scattering
amplitude, based on the chiral inspired model of Ref. [19]. The best fit to
the experimental data is represented by the continuous line, while the grey
area shows the uncertainty of the model, determined by the precision of the
available experimental data used for the fit. The two data points correspond
to the assessment of the real and imaginary parts of the K−p scattering length
derived from the experimental measurement of the Kaonic hydrogen 1S level
by the SIDDARTHA Collaboration.
From the experimental point of view the observations of the Λ(1405) were often hin-
dered by the existence, in the same mass region, of the Σ(1385) baryon, which shares
with the Λ(1405) the charged Σpi decay mode. The decays in charged Σpi pairs were
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studied by early experiments on deuterium targets [22]. The first observations were
confirmed, with higher statistics, by second generation experiments which were also
able to measure the Σ0pi0 decay channel, which is mostly important as it is only al-
lowed for the decay of the Λ(1405), but is prevented to Σ(1385). The latter, on the
other hand, may only decay to Λpi0 (channel excluded for Λ(1405)). The most com-
plete data-set collected so far defining the Λ(1405) lineshape comes from the CLAS
experiment, based on photo- and electroproduction of the Σpi final states [23]. The
best fit of the data suggests the lineshapes of the three charge combinations of the
Σpi invariant mass systems to be reproduced by introducing a dominant I = 0 con-
tribution (at m = 1338 ± 10 MeV/c2, with Γ = 85 ± 10 MeV), plus two I = 1
amplitudes, one of which is most probably related to the Σ(1385) broad resonance
(m = 1394 ± 40 MeV/c2, Γ = 149 ± 40 MeV), while the second, narrower and at
higher mass (m = 1412± 10 MeV/c2, Γ = 52± 10 MeV), has a still uncertain nature.
Its necessity, to provide a good description of the data, has been remarked by theoret-
ical models [24]; for its interpretation, the possibility that it might be due to a new,
exotic pentaquark baryonic state [25] is still open.
Related to the existence of the Λ(1405) is the case of the so-called (anti)Kaon-nuclear
clusters. Following the hypothesis suggested by Akaishi and Yamazaki in 2002 [26],
the Λ(1405) could be the founding block based on which more complex aggregates,
composed by an anti-Kaon deeply bound to two or more nucleons, could exist. Even
though the existence of such states is not ruled out in most of the chiral inspired models
elaborated so far [27], very few of them agree on their observability as narrow states
mainly decaying via the non mesonic channel (Σpi and Λpi being prevented by their
strong binding and by isospin conservation). Most of the models, in fact, foresee for
the KN potential rather shallow wells, so a mild binding. In the initial formulation,
on the contrary, these states are expected to be narrow, bound by more than 100 MeV
and forming very compact systems, with a density more than three times as large as
compared to ordinary nuclear matter. The medium in which their formation could more
likely occur is also a controversial point: while according to the starting hypothesis the
observation in light targets could be easier, other calculations [28] indicate that heavy
targets should be preferred. If this were the case, however, probably large Final State
Interaction effects would spoil completely their observability as narrow states.
From the experimental point of view, the situation is still rather confused and a few
observations claimed so far [29] still need a sound confirmation. For the latest findings
of this search using a 3He target (E15 experiment running at J-PARC) the reader may
refer to Ref. [30].
The search for such states has been performed so far only relative to the K−NN(N)
systems; no measurement were ever attempted with neutral Kaon beams. Therefore,
provided a 3He or 4He (or even heavier) target could be exploited, the search for such
states could represent a completely new field of investigation to be pursued with K0L as
projectiles (again, free from Coulomb interactions and related to the binding properties
of I = 1 KN systems only).
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3. Possible Measurements with K0L Beams and Experimental Reach
With a liquid hydrogen/deuterium target, the following reactions could be measured at low
momenta, to improve the present knowledge on the scattering cross sections:
elastic scattering K0Lp → K0Lp, K0Ld → K0Ld (coherent), K0Ld → K0Lnp (quasi-elastic
scattering on n);
inelastic scattering on protons with Y formation K0Lp→ Λpi+, Σ0pi+, Σ+pi0, Λpi+pi0;
inelastic scattering on deuterons for below-threshold Y resonances production K0Ld→
Λ(1405)N ;
charge exchange reactions K0Lp→ K+n;
regeneration reaction K0Lp→ K0Sp.
One or two measurements of low momentum cross sections below 350 MeV/c at the 10%
precision level would be highly desireable to complement the experimental data set on which
close-to-threshold KN interaction studies are based. Differential information, for instance
as a function of the emission angle, could be fruitfully explored as well.
A few experimental possibly critical drawbacks have however to be taken into account.
Among them:
(a) The K0L beam intensity at low momentum. As shown by experiments exploiting the
K0L production by means of photoproduction on a Be target, K
0
L’s are produced with a
continuum momentum spectrum [31,32]. The low momentum portion is roughly some
10−3 of the total integrated K0L momentum spectrum, for a maximum photon energy
of around 10 GeV [32], close to that foreseen for the 12 GeV CEBAF machine. This
could still allow to have a fair number of low momentum K0L (some Hz), provided they
can be effectively discriminated from neutrons even at these low energies;
(b) The capability of detecting low momentum particles in the final state. The momentum
resolution is not a crucial problem in a few body reaction, but the curling of low mo-
mentum particles in a high intensity magnetic field could prevent them from reaching
the position sensitive detectors and therefore impair the observation of the mentioned
reactions. A careful study on how to increase the apparatus acceptance to low momen-
tum particles would most likely be required in the planning of such measurements.
A tentative yield evaluation, with some optimistic but reasonable detection efficiencies (as-
suming that all the emitted particles enter the apparatus acceptance), indicates that for an
elastic cross section measurement with a precision at the level of 10% some hours of data
taking could be enough, while a few days at most would be required for the less frequent
inelastic channels.
(a) Hypernuclei formation studies
A completely new research field, that could be explored with a K0L beam and for
which no experimental result exist so far, is the production of hypernuclei in K0 in-
duced reactions. The spectroscopy of the formation pion, in reactions on AZ nuclei like
AZ(K0, pi+)AΛ(Z− 1) or AZ(K0, pi0)AΛZ, requires a very high momentum resolution (on
38
the order of a few per mil), which, however, is probably out of scope for an apparatus
conceived for hadron spectroscopy like GlueX. This information might be of unprece-
dented value for the investigation of the so-called Charge Symmetry Breaking effect,
which consists in a sizeable difference between the binding energies of the ground
states of mirror hypernuclei. So far, the effect has been observed in light mirror hyper-
nuclei pairs (like 4ΛHe vs
3
ΛH), and is supposed to be due to a strong ΛΣ mixing [33].
While in this case the binding energies differ of about 250 KeV, for heavier (P -shell)
hypernuclei the difference is expected to decrease. Studies of mirror light hypernuclei
production would be welcome to investigate this interesting effect in deeper detail.
4. Conclusions
With a beam of low momentum K0L new tools to improve the knowledge of the KN inter-
action, never exploited so far, could be available. It is important to recall that with a K0L
beam the isospin I = 1 source of the KN amplitude may be selected: its features are largely
unknown as, with charged Kaons, this information may only be pursued using deuterium as
a target, which involves a complicated treatment due to the inherent few-body interaction.
Moreover, the K0Lp interaction is free from any Coulomb-related effect.
Data on K0Lp scattering might improve the present knowledge of I = 1 scattering length,
providing complementary information to the already planned measurements of Kaonic deu-
terium. An extension of the charged Kaon scattering database to neutral Kaon induced reac-
tions would be important to improve the precision of KN models especially regarding their
below-threshold extrapolations, that are crucial to improve the understanding of some still
critical subjects, like the nature of the Λ(1405) as a true baryonic resonance.
With targets heavier than deuterium, the study of more complex systems like Kaon-nuclear
bound states or hypernuclei produced in K0L induced reactions could potentially be feasible,
and thorougly yet unexplored research topics could be opened.
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2.6 K0Lp Scattering to Two-Body Final States
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Abstract
Our main interest in creating a high-quality secondary K0L beam is to investigate hyperon
spectroscopy through both formation and production processes. Here we review what can be
learned by studying hyperon formation processes usingK0Lp scattering going to two-body final
states.
1. Introduction and Formalism
The mean lifetime of the K− is 12.38 ns (cτ = 3.7 m) whereas the mean lifetime of the K0L
is 51.16 ns (cτ = 15.3 m) [1]. For this reason, it is much easier to perform measurements of
K0Lp scattering at low beam energies compared with K
−p scattering. Here, we summarize
some of the physics issues involved with such processes. The differential cross section and
polarization for K0Lp scattering are given by
dσ
dΩ
= λ-2(|f |2 + |g|2), (1)
P
dσ
dΩ
= 2λ-2Im(fg∗), (2)
where λ- = ~/k, with k the magnitude of c.m. momentum for the incoming meson. Here
f = f(W, θ) and g = g(W, θ) are the usual spin-nonflip and spin-flip amplitudes at c.m.
energy W and meson c.m. scattering angle θ. In terms of partial waves, f and g can be
expanded as
f(W, θ) =
∞∑
l=0
[(l + 1)Tl+ + lTl−]Pl(cos θ), (3)
g(W, θ) =
∞∑
l=1
[Tl+ − Tl−]P 1l (cos θ), (4)
where l is the initial orbital angular momentum, Pl(cos θ) is a Legendre polynomial, and
P 1l (cos θ) = sin θ×dPl(cos θ)/d(cos θ) is an associated Legendre function. The total angular
momentum for the amplitude Tl+ is J = l+ 12 , while that for the amplitude Tl− is J = l− 12 .
For hadronic scattering reactions, we may ignore small CP-violating terms and write
K0L =
1√
2
(K0 −K0), (5)
K0S =
1√
2
(K0 +K0). (6)
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We may generally have both I = 0 and I = 1 amplitudes for KN and KN scattering, so
that the amplitudes Tl± can be expanded in terms of isospin amplitudes as
Tl± = C0T 0l± + C1T
1
l±, (7)
where T Il± are partial-wave amplitudes with isospin I and total angular momentum J = l± 12 ,
with CI the appropriate isospin Clebsch-Gordon coefficients.
2. KN and KN Final States
The amplitudes for reactions leading to KN and KN final states are
T (K−p→ K−p) = 1
2
T 1(KN → KN) + 1
2
T 0(KN → KN), (8)
T (K−p→ K0n) = 1
2
T 1(KN → KN)− 1
2
T 0(KN → KN), (9)
T (K+p→ K+p) = T 1(KN → KN), (10)
T (K+n→ K+n) = 1
2
T 1(KN → KN) + 1
2
T 0(KN → KN), (11)
T (K0Lp→ K0Sp) =
1
2
(
1
2
T 1(KN → KN) + 1
2
T 0(KN → KN)
)
− 1
2
T 1(KN → KN),
(12)
T (K0Lp→ K0Lp) =
1
2
(
1
2
T 1(KN → KN) + 1
2
T 0(KN → KN)
)
+
1
2
T 1(KN → KN),
(13)
T (K0Lp→ K+n) =
1√
2
(
1
2
T 1(KN → KN)− 1
2
T 0(KN → KN)
)
−1
2
T 1(KN → KN).
(14)
No differential cross section data are available for K0Lp → K0Lp below W ∼ 2948 MeV. A
fair amount of data are available for the reaction, K+n → K0p, measured on a deuterium
target. Figure 1 shows a sample of available differential cross section data for K0Lp → K0Sp
compared with predictions determined from our previous partial-wave analysis of KN →
KN data [2, 3], combined with KN → KN amplitudes from the SAID website [4]. The
predictions at lower and higher energies tend to agree less well with the data.
3. piΛ Final States
The amplitudes for reactions leading to piΛ final states are
T (K−p→ pi0Λ) = 1√
2
T 1(KN → piΛ), (15)
T (K0Lp→ pi+Λ) = −
1√
2
T 1(KN → piΛ). (16)
The K−p → pi0Λ and K0Lp → pi+Λ amplitudes imply that observables for these reac-
tions measured at the same energy should be the same except for small differences due to
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Figure 1: Selected differential cross section data for K0Lp → K0Sp at 1660 MeV,
1720 MeV, 1750 MeV, and 1840 MeV. The curves are predictions using amplitudes
from our previous partial-wave analysis of KN → KN data [2, 3], combined with
KN → KN amplitudes from the SAID website [4].
the isospin-violating mass differences in the hadrons. No differential cross section data for
K−p→ pi0Λ are available at c.m. energies W < 1540 MeV, although data for K0Lp→ pi+Λ
are available at such energies. At 1540 MeV and higher energies, differential cross section
and polarization data for the two reactions are in fair agreement, as shown in Figs. 2 and 3.
4. piΣ Final States
The amplitudes for reactions leading to piΣ final states are
T (K−p→ pi−Σ+) = −1
2
T 1(KN → piΣ)− 1√
6
T 0(KN → piΣ), (17)
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Figure 2: Comparison of selected differential cross section data for K−p→ pi0Λ and
K0Lp → pi+Λ at 1540 MeV, 1620 MeV, 1760 MeV, and 1840 MeV. The curves are
from our previous partial-wave analysis of K−p→ pi0Λ data [2, 3].
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Figure 3: Comparison of selected polarization data for K−p → pi0Λ and K0Lp →
pi+Λ at 1760 MeV and 1880 MeV. The curves are from our previous partial-wave
analysis of K−p→ pi0Λ data [2, 3].
T (K−p→ pi+Σ−) = 1
2
T 1(KN → piΣ)− 1√
6
T 0(KN → piΣ), (18)
T (K−p→ pi0Σ0) = 1√
6
T 0(KN → piΣ), (19)
T (K0Lp→ pi+Σ0) = −
1
2
T 1(KN → piΣ), (20)
T (K0Lp→ pi0Σ+) =
1
2
T 1(KN → piΣ). (21)
Figure 4 shows a comparison of differential cross section data for K−p and K0Lp reactions
leading to piΣ final states at W = 1660 MeV (or Plab = 716 MeV/c). The curves are based
on energy-dependent isospin amplitudes from our previous partial-wave analysis [2, 3]. No
differential cross section data are available for K0Lp → pi0Σ+. As this example shows,
the quality of the K0Lp data is comparable to that for the K
−p data. It would therefore be
advantageous to combine the K0Lp data in a new coupled-channel partial-wave analysis with
available K−p data. Note that the reactions K0Lp → pi+Σ0 and K0Lp → pi0Σ+ are isospin
selective (only I = 1 amplitudes are involved) whereas the reactions K−p → pi−Σ+ and
K−p → pi+Σ− are not. New measurements with a K0L beam would amplitudes for K−p
scattering to piΣ final states.
5. KΞ Final States
The amplitudes for reactions leading to KΞ final states are
T (K−p→ K0Ξ0) = 1
2
T 1(KN → KΞ) + 1
2
T 0(KN → KΞ), (22)
T (K−p→ K+Ξ−) = 1
2
T 1(KN → KΞ)− 1
2
T 0(KN → KΞ), (23)
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Figure 4: Comparison of selected differential cross section data for K−p → pi−Σ+,
K−p→ pi+Σ−,K−p→ pi0Σ0, andK0Lp→ pi0Σ+ at 1660 MeV. The curves are from
our previous partial-wave analysis of K−p→ piΣ data [2, 3].
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T (K0Lp→ K+Ξ0) = −
1√
2
T 1(KN → KΞ). (24)
The threshold forK−p andK0Lp reactions leading toKΞ final states is fairly high (Wthresh =
1816 MeV). There are no differential cross section data available for K0Lp → K+Ξ0 and
very few (none recent) for K−p → K0Ξ0 or K−p → K+Ξ−. Measurements for these
reactions would be very helpful, especially for comparing with predictions from dynamical
coupled-channel (DCC) models. The Review of Particle Physics [1] lists only two states
with branching fractions (BF) to KΞ, namely, Λ(2100)7
2
− (BF < 3%) and Σ(2030)7
2
+ (BF
< 2%).
6. Summary
In summary, precise new data for K0Lp scattering with good kinematic coverage could sig-
nificantly improve our knowledge of Λ∗ and Σ∗ resonances. Although not the focus of this
talk, a K0L beam facility would also be advantageous for studying Ξ
∗ and Ω∗ states via pro-
duction processes. Polarization data are very important to measure in addition to differential
cross sections to help remove ambiguities in partial-wave analyses. Unfortunately, the cur-
rent data base for K0Lp scattering includes very few polarization data. As noted here, several
K0Lp reactions are isospin-1 selective, which would provide a useful constraint for a com-
bined partial-wave analysis of K0Lp and K
−p reactions. Finally, the long lifetime of the K0L
compared with the K− would allow a larger beam flux on target, which would allow K0Lp
measurements to be made at lower energies than easily measurable with K− beams.
7. Acknowledgments
The author thanks Dr. Igor Strakovsky for providing the data files used in this work, and
Brian Hunt for providing all the figures. This material is based upon work supported by the
U.S. Department of Energy, Office of Science, Office of Medium Energy Nuclear Physics,
under Award No. DE–SC0014323.
References
[1] K.A. Olive et al. (Particle Data Group), Chin. Phys. C 38, 090001 (2014).
[2] H. Zhang, J. Tulpan, M. Shrestha, and D.M. Manley, Phys. Rev. C 88, 035204 (2013).
[3] H. Zhang, J. Tulpan, M. Shrestha, and D.M. Manley, Phys. Rev. C 88, 035205 (2013).
[4] The George Washington University INS Data Analysis Center (SAID);
http://gwdac.phys.gwu.edu .
48
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Abstract
There are several missing states in the mass spectrum of the first excited negative parity Λ∗
and Σ∗ states. To gain further understanding of QCD quark confinement and how QCD should
be implemented in quark models, it is desirable to establish if these missing states exist, and to
measure more accurately the decay properties of the hyperon states
1. Introduction
The QCD theory describes the forces among the quarks, and perturbative QCD has success-
fully explained asymptotic freedom and high four-momentum hadronic processes. At high
energies QCD predicts the existence of quark-jets and the gluon-jets which were observed
as predicted [1, 2]. This means that high energy quarks radiate gluons, which hadronize
producing a jet of gluon quantum numbers. At low energy the large strong QCD coupling
constant requires an effective theory or a model approach to explain the structure of baryons.
The quark model to organizes the many observed colorless meson and baryon states, and the
model provides some insights of the structure of these states. The quark model was extended
to also predict the existence of multi-quark (exotic) mesons and baryons including glueballs,
e.g., QQQ¯Q¯, QQQQQ¯, QQ¯glue, where Q and glue are both treated as building blocks. The
question is if such states exist. Have we taken the quark and gluon building blocks scenario
too literary? We need further guidance from what QCD would allow. At present the QCD
confinement of light quarks is not understood. According to the quark model there are sev-
eral states among the first excited hyperon states which are missing or are not established.
Do QCD require that these missing states should exist, or does QCD require further model
restrictions not implemented in todays quark models? Many of the quark model predicted
N∗ and ∆∗ states, made of the very light u and d quarks, have been extensively studied.
These states will not be discussed in this paper. Instead, I will concentrate only on the first
excited hyperon, negative parity Λ∗ and Σ∗ states and make some observation on what we
could learn about QCD through the use of quark model evaluations. In order to answer the
questions above, it is imperative that we experimentally can establish the first excited hy-
peron mass spectrum of Λ∗ and Σ∗. We know that most excited baryon states have large
decay widths. The decay branching ratios can give us further information about the structure
of these states. In this presentation I will first present a few general quark model arguments,
which will be used in the discussion to follow.
2. The Quark Models
Due to the very slow experimental progress on strange baryon spectroscopy during the last
decades, there are several of the first negative parity excited hyperon states which have not
been established. Some of the Σ∗ states have at most one star in the Particle Data Tables
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rating [3]. One possible question to ponder is: Does QCD contain dynamical features, which
are not considered by present day quark models and would imply that these states should be
absent? The Λ∗ and Σ∗ states have one “heavy" s-quark and two very light quarks. Could
this extra feature of having one heavy quark give us some extra insight into QCD beyond
what N∗ and ∆∗ states can provide? These observations and arguments would then be used
to gain a better understanding of the Ξ∗ and Ω∗ states.
The quarks interact via gluon exchanges, which couple the quark spins, very similar to what
happens to pion- and rho-meson exchanges between nucleons in a nucleus. Analogous to
the three-nucleon states, 3H and 3He, we should therefore expect the three valence quark
baryon ground states to have a three-quark spatial wave function which contains a mixture
of S, S′ and D quark states. The effective pseudo-scalar meson cloud surrounding the quark
core of the baryons will contribute to this spatial mixture of states. As will be presented
these spatial admixtures affect strongly some excited hyperon decays. Much of this talk is
based on the extensive work of the non-relativistic quark model (NRQM) by Nathan Isgur
and Gabriel Karl and their coworkers [4].
(a) Quark Model Assumptions
The generic non-relativistic baryon wave function has the following structure
Ψ = Ψcolor Ψflavor Ψspin Ψspace . (1)
We assume that isospin is a good symmetry, i.e., the masses of the u and d quarks are
equal: mu = md = mq. However, the SUF (3) is a broken symmetry since the s quark
has a mass ms > mq. For this reason, we will adopt the uds basis when the baryon
wave functions are evaluated. [Please note that in the (cloudy or MIT) bag model the
masses of the u and d quarks are zero.]
In bag models the effective quark masses are generated by the confinement condition,
which presumably reflects the very soft gluon exchanges between the three quarks. The
other usual quark model assumptions are the following:
• All hadrons are SU(3)-color singlets, i.e., Ψcolor is a totally anti-symmetric wave
function under the interchange of any two quarks.
• Confinement of quarks is universal and is the same for all quark flavors. It is
presumed to be a Lorentz scalar condition.
• The Pauli principle tells us that two identical quarks must have a totally anti-
symmetric wave function. Since Ψcolor is anti-symmetric the product of the other
components in Eq.(1) must be symmetric under the interchange of any two quarks.
• The non-relativistic quarks interact via an effective one-gluon-exchange, a la De
Rujula et al. [5]. This effective gluon exchange generates a spin-spin interaction
among the quarks and makes the decuplet baryons heavier than the octet baryons.
The non-relativistic effective one-gluon-exchange (OGE) between quarks i and j is:
H ijhyp = Aij
{
8pi
3
~Si · ~Sjδ3(~rij) + 1
r3ij
(
3(~Si · ~rij)(~Sj · ~rij)
r2ij
− ~Si · ~Sj
)}
,
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where Aij is a constant which depends on the quark masses [5]. As can be inferred
from this expression, the spin-spin and the tensor quark-quark interactions are closely
related, and the tensor component will produce a spatial D-state quark wave function.
Note that this non-relativistic reduction of the effective OGE quark-quark interaction
neglects the spin-orbit force. Isgur and Karl argue that the spin-orbit force should be
small. In bag models (mq = 0 MeV), the quark P-state with j=3/2 has a lower energy
than j=1/2, i.e., the bag models’ Lorentz-scalar confinement condition introduces a
spin-orbit splitting of the quark states. Fortunately, the relativistic OGE introduces an
effective spin-orbit force of opposite sign. In cloudy bag model calculations these two
spin-orbit contributions basically cancel, and what remains are the spin-spin and tensor
interactions due to OGE and the pseudo-scalar meson (pion, Kaon) cloud surrounding
the quark core, see for example Refs. [6, 7]. The spin-spin and tensor interactions
strongly affect the decay rates of Λ∗ and Σ∗ states to K¯N and piΣ.
(b) A Decay Rate Observation
As mentioned we adopt the uds basis and not the SUF (3) flavor basis in order to con-
struct the baryon wave functions. The spatial wave function of three quarks is given
by the two relative coordinates between the three quarks (ignoring the center of mass
motion):
~ρ = (~r1 − ~r2) /
√
2, (2)
~λ = (~r1 + ~r2 − 2~r3) /
√
6. (3)
Here quarks 1 and 2 are the u and d quarks, and quark 3 is the heavy s-quark. The
corresponding reduced masses are mρ = mq and mλ = 3mqms/(2mq + ms). In an
NRQM, the spatial confinement of the quarks is simulated by an harmonic oscillator
potential. The harmonic oscillator confinement potential with a given flavor indepen-
dent spring constant gives a difference in ρ and λ oscillator frequencies, ωρ and ωλ due
to the difference in the two reduced quark masses [4],
ωρ − ωλ = ωρ
[
1−
(
2(mq/ms) + 1
3
)1/2]
> 0 , (4)
where the frequency ωρ is the one relevant for the nucleon ground state.
The mass splitting between the Λ∗(5/2−) and the Σ∗(5/2−) states, shown in Fig. 1,
can easily be understood. In essence, the masses of these two JP = 5/2− states differ
mainly due to confinement and SUF (3) breaking since mq < ms. The detailed expla-
nation goes as follows: The quarks in these excited hyperons have an orbital angular
momentum L = 1. Both JP = 5/2− states have totally symmetric spin wave functions
since the total spin of the quarks must be S = 3/2. Furthermore, since Λ∗(1830) is an
iso-singlet, due to the Pauli principle, it must have a ~ρ-dependent spatial wave function,
which is anti-symmetric under the interchange of quarks 1 and 2, as seen in Eq.(4). On
the other hand, Σ∗(1775), is an iso-triplet, and since ~λ is symmetric under the inter-
change (1 ↔ 2), Eq.(3), Σ∗(1775) must have a ~λ-dependent spatial wave function. In
51
Figure 1: The confirmed mass spectrum of the first excited negative parity Λ∗
and Σ∗ states where we have included the three-star states [3]. The hight of the
squares illustrate the mass uncertainties of the “established" states. The squares
with the question marks are states which are controversial. According to quark
models there are two completely missing three-quark states in this figure.
other words Λ∗(1830) contains the energy ~ωρ whereas Σ∗(1775) has ~ωλ, and their
mass difference is ~(ωρ − ωλ) ≈ 75 MeV, which will be modified by Hhyp [4].
This difference in the spatial decomposition of the two JP = 5/2− states’ wave func-
tions has the following decay implications: Λ∗(1830) couples weakly to K¯N since
the nucleon spatial wave function is symmetric under the interchange 1 ↔ 2, whereas
Σ∗(1775) couples easily to K¯N for the same reason. When modifications due to Hhyp
is included, the difference in the two observed decays widths are easily explained [4],
as will be detailed in the next subsection. This example illustrates the close relations
between the internal structure of the initial and final baryon and the magnitude of the
corresponding decay width. With more precise experimental data one looks forward to
be able to make similar arguments for mass differences and decay branching ratios for
the other excited hyperon states.
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(c) Spatial Wave Function and the Decay Widths
As emphasized by Isgur and Karl even the ground state baryons have a complicated
spatial wave function due to Hhyp as mentioned earlier. For example, in their NRQM
the nucleon state has the following structure:
|N〉 ' 0.90|2SS〉 − 0.34|2S ′S〉 − 0.27|2SM〉 − 0.06|2DM〉 , (5)
where |S ′〉 and |D〉 are the excited S- and D- quark states of the harmonic oscillator.
The subscripts S and M denote symmetric and mixed symmetry spatial states, respec-
tively. Similarly, Isgur and Karl find the Λ(1116) state to be:
|Λ〉 ' 0.93|2SS〉 − 0.30|2S ′S〉 − 0.20|2SM〉 − 0.03|4DM〉 − 0.05|1,2 SM〉. (6)
Given present day experimental accuracies of the masses and decay branching ratios
determinations, Isgur and Karl assume that the D-state components of the states have
no practical consequences and can be neglected. The expressions in Eqs. (5) and (6)
tell us that the ground state baryons are not pure symmetric |2SS〉 states. They contain
spatially mixed symmetry states, and the |2S ′S〉 and |2SM〉 components of the ground
state baryon octet will modify (sometimes strongly) the excited baryon to ground states
decay widths. For example, by including the mixed symmetric component |2SM〉 of the
nucleon state, one finds the ratio of decay amplitudes [4]:
A(Λ∗(1830)→ K¯N)
A(Σ∗(1775)→ K¯N) ' −0.28 . (7)
The excited Λ∗ and Σ∗ states have similar mixed spatial states, again due to Hhyp and
also due to the pseudo-scalar meson cloud surrounding the quark core in cloudy bag
models. These mixed states will further affect the relative decay branching ratios of the
excited hyperon states.
(d) Electromagnetic Decays of the Λ∗ and Σ∗ states
In the first excited states, one quark is in a P -state relative to the two others which
are in a relative S-state. In an electromagnetic decay to the ground state the P -state
quark couples to the photon (or in strong decays to the outgoing meson, e.g., pi, K¯ or
η). For example, the Λ∗(1520) state is a well established state and has the following
decomposition in terms of SUF (3) multiplets:
|Λ∗(1520)〉 ' a|21〉+ b|48〉+ c|28〉. (8)
Different quark models give different values for the a, b and c coefficients. Using the
harmonic oscillator of the NRQM of Isgur and Karl find a = 0.92, b = −0.04, and
c = 0.39 [4], which results in the following values for two electromagnetic widths
Γ[Λ(1520) → Λγ] = 96 keV and Γ[Λ(1520) → Σ0γ] = 74 keV [8]. A cloudy bag
model calculation produces the values a = 0.95, b = −0.09 and c = 0.30. The decay
widths in the cloudy bag model, where the emitted photon also couple to the meson
cloud, are Γ[Λ(1520)→ Λγ] = 32 keV, Γ[Λ(1520)→ Σ0γ] = 49 keV [7].
In Table 1, we compare several different quark model calculations of the decay rate Γγ
for Λ(1520)→ Λ(1116) + γ. As can be read off from the Table 1, this rate is not only
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Table 1: The evaluation of Γγ by several quark model calculations are given.
The references to the various models can be found in [10]. The columns give
the coefficients a, b and c of the Λ(1520) wave functions, Eq.(8), found in the
various publications as well as the structure of the ground state wave function
Λ(1116) used in the different calculations. The “dash" means that values of the
coefficients or the Λ(1116) state cannot be ascertained.
Models a b c Λ(1116) Γγ (keV)
NRQM 0.91 0.01 0.40 |2SS > 96
NRQM (SU(6)−basis) 0.91 0.01 0.40 − 98
χQM 0.91 0.01 -0.40 |2SS > 85
χQM 0.91 0.01 -0.40 mixed 134
NRQM (uds−basis) − − − mixed 154
MIT bag 0.86 0.34 -0.37 − 46
Cloudy bag 0.95 0.09 -0.29 |2SS > 32
RCQM 0.91 0.01 0.40 mixed 215
Bonn−CQM − − − − 258
sensitive to the coefficients a, b, and c in Eq.(8), but also to the Λ(1116) configuration
mixing, which may change Γγ by 50% or more. The decay width Γγ is very difficult to
measure and it is not very well determined [9]. The evaluations of Γγ in quark models
where SUF (3) is broken are very involved and it is desirable to have a more precise
experimental determination of Γγ before one revisit such a calculation.
(e) A short note on Λ(1405)
A question within quark models, which has not been resolved satisfactory, is: Why is
Λ(1405) about 100 MeV below Λ(1520) in mass? If we assume that the Λ∗ states are
mainly three-quark states, quark models have serious problems generating this large
observed spin-orbit-like mass splitting. Could a strong coupling of the lowest three-
quark state with JP = 1
2
− to the meson-baryon decay channels (beyond how this is
presently treated in cloudy bag models) explain this mass-splitting? Historically, Dalitz
and Tuan [11] proposed that Λ(1405) is a K−p bound state, i.e., could Λ(1405) be like
a quark molecule?. Could it have a large multi-quark (pentaquark) state component?
A very readable recent paper on the arXiv by Molina and Döring [12] discusses the
possible pole structure of Λ(1405). This paper contains an overview of many theoreti-
cal publications, including lattice evaluations, regarding possible structure of Λ(1405).
Apart from recent measurements of the K−p atom [13], most data on this subject are
old. We urgently need better data to settle the numerous theoretical discussions regard-
ing Λ(1405).
3. Summary and Outlook
It is imperative that we can experimentally establish the mass spectrum of the lowest excited
negative parity Λ∗ and Σ∗ states in order to enhance our understanding of how QCD operates
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among the three “light" quarks, u, d and s, and generates the masses and decay widths of the
hyperons. The JLab proposed K0L beam scattering off a hydrogen target can access Σ
∗ states
and could firmly establish some of the missing Σ∗ states in Fig. 1. In order to explore the
Λ∗ states, the reaction γ + p → K+Λ∗ looks more promising. The Σ∗ states decay to K¯N
or piΣ or possibly both, as well as piΛ according to theory estimates. Measurements of the
branching ratios of these decays will further enhance our understanding of these states. At
the moment our understanding of light quark confinement in QCD is very rudimentary. The
suggested measurements would contribute to a clarification of this aspect of QCD.
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Abstract
Baryon spectroscopy with heavy flavors provides unique opportunities to study internal
motions of ingredients in baryons, from which we can learn the effective degrees of freedom
to describe hadrons. We proposed an experiment on charmed baryon spectroscopy via the
(pi−, D∗−) reaction at the J-PARC high-momentum beam line. Mass spectrum from the ground
state to highly-excited states of the excitation energy up to more than 1 GeV will be observed
by means of a missing mass technique. Production cross sections and decay branching ratios
of these states will be measured. It is worthy to compare how nature of baryons with different
flavors changes. In particular, double-strangeness baryons, Ξ, are of interest. A neutral Kaon
beam at JLab is unique to produce Ξ baryons. Hadron beams at J-PARC play complimentary
roles to the neutral Kaon beam at JLab.
1. Baryon Spectroscopy with Heavy Flavors
“How hadrons are formed from quarks ?" is a fundamental question in hadron physics. We
know that the quantum chromo-dynamics (QCD) is a fundamental theory to describe dy-
namics of quarks and gluons. However, it is still very hard to describe hadrons by solving
the QCD equation in low energy because of its non-perturbative nature of the strong inter-
action, where the coupling constant becomes very large when the energy scale is close to
the scale parameter ΛQCD. Quarks drastically change their nature below ΛQCD. Then, con-
stituent quarks as effective degree of freedom to describe hadrons seem to work rather well.
Actually, the constituent quark model well describes properties of hadrons in the ground
state, such as masses, spin-flavor classifications, magnetic moment of octet baryons, and so
no. However, it sometimes fails in excited states. In particular, not only recent reports on
so-called exotic hadrons, such as X , Y , Z, and pentaquark states in heavy sector but also a
long-standing puzzle in Λ(1405) indicate that we need a new aspect in describing hadrons.
Internal correlations among ingredients of hadrons such as diquarks and hadron clusters are
expected to play an important role. Since they are confined in a hadron, hadron spectroscopy
to look into more details of internal structure or motions of the composites in hadrons is
necessary.
Since the color magnetic interaction between quarks is proportional to the inverse of the
quark mass, spin-dependent interactions to a heavy quark vanish in the heavy quark mass
limit. In the heavy quark mass limit, a heavy quark spin and the spin of the other system
become good quantum numbers. This is the so-called heavy quark symmetry of QCD. Let us
consider a baryon with a heavy quark. A relative motion between two light quarks (ρ mode)
and a collective motion of the light quark pair (λ mode) are separated in excited states, as
illustrated in Fig. 1. This is known as the so-called isotope shift. These states are further
split due to spin-dependent interactions between quarks [1]. The spin-correlation between
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light quarks becomes stronger than those to a light quark and a heavy quark due to the heavy
quark spin symmetry. Internal structure of the baryon with a heavy quark is characterized by
the two light-quark (diquark) correlation. Nature of these baryons is reflected in mass, decay
width (branching ratio), and production rate.
Therefore, we proposed an experimental study of charmed baryons via the (pi−, D∗−) reac-
tion on hydrogen [2] at the J-PARC high-momentum beam line. In the reaction, we recon-
struct charmed baryons by means of missing mass technique. An excitation spectrum of
charmed baryon states can be measured independent of their decay final states. We could
also identify decay modes with detecting a decay particle together with scattered D∗− and
identifying a daughter particle in a missing mass. A branching ratio (partial decay width)
of the decay mode can be obtained rather easily. Branching ratios provide information on
diquark motions of excited charmed baryons, as described later. This is an advantage of the
missing mass method.
Figure 1: Schematic level structure of excited baryons with a heavy quark.
2. Beam Line
A new beam line, called high-momentum beam line, is being constructed in the Hadron
Experimental Facility of the Japan Proton Accelerator Research Complex (J-PARC). It is
branched from the slow extraction primary beam line in the switch yard. A small fraction of
the primary beam is transported to the experimental area, located about 130 m downstream
from the branch point, for the E16 experiment which aims at measuring spectral changes of
vector mesons in nuclei [3].
The high-momentum beam line can deliver secondary beams if we install a production target
at the branching point. The layout of the beam line magnets are arranged so as to transport
secondary beams up to 20 GeV/c, as shown in Fig. 2. The beam line is carefully designed to
realize a dispersive beam at the dispersive focal point, where a momentum and a horizontal
position of the secondary particles are strongly correlated. Fig. 3-top demonstrates the cor-
relation calculated by the DECAY TURTLE [4]. We place 3 sextupole magnets to reduce
second order aberrations and to sharpen the correlation. The calculation tells that a momen-
tum resolution of 0.12% is expected by measuring a beam position with a spatial resolution
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Figure 2: High-momentum beam line at the J-PARC Hadron Experimental
Facility.
of 1 mm, as illustrated in Fig. 3-bottom. The momentum resolution is mostly determined by
a beam size at the production target (actually, its image at the dispersive focal point). We
assume the beam size of 1 mm in σ in the horizontal direction at the production target.
The beam line length and acceptance are 133 m and 1.5 msr·%. We estimated intensities of
secondary particles by the so-called Sanford-Wang formula [5], assuming that a 6-cm thick
platinum target is irradiated by a 30-GeV proton beam of 30 kW (15-kW beam loss at the
target), as shown in Fig. 4. Here, a production angle for negative and positive particles are
assumed to be 0 degree and 3.9 degrees. We expect that the negative pion beam intensity is
more than 107 per second at 20 GeV/c.
3. Spectrometer
An incident pion momentum will be measured at a resolution as good as ∼0.1% in the high-
momentum beam line. We designed a spectrometer system to reconstruct scattered D∗−
from its decay chain of D∗− → D¯0pi−, D¯0 → K+pi−, as shown in Fig. 5. The spectrometer
is based on a single dipole magnet with a circular pole of 2.1 m in diameter and a gap of
1 m. A rigidity of the magnet is 2.3 Tm. A typical momentum resolution is expected to be
∼0.5% at 5 GeV/c. A liquid hydrogen target of 57 cm in length (4 g/cm2 in thickness) will
be placed close to the entrance face of the magnet. Fiber trackers with 1 mm scintillating
fiber will be placed just after the target. A set of drift chambers will be placed surrounding
the pole and after the magnet to detect scattered particles with lower and higher momenta,
respectively. A ring image Cherenkov counter (RICH) with dual radiators of aerogel with a
reflection index of 1.04 and a C4F10 gas with an index of 1.00137 will be used for identifying
pion, Kaon, and proton in a wide momentum range from 2 to 16 GeV/c [6]. Time of flight
counters will be placed to identify scattered particles with lower momenta. The spectrometer
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Figure 3: Top: correlation between beam momentum and position at the dis-
persive focal point. Bottom: momentum distribution within a 1-mm space in
horizontal at the beam center.
covers about 60 % of solid angle for scattered D∗− and about 80 % for decay pions from
produced charmed baryons.
Identifying two charmed mesons from the decay final state, K+pi−pi−, we could reduce huge
background events of K+pi−pi− productions by a factor of ∼106. Expected charmed baryon
spectrum is demonstrated by a Monte Carlo simulation in Fig. 2. Here, the states reported by
the Particle Data Group [7] are taken into account. One sees that a series of charmed baryons
from the ground state to highly excited states with higher spins are clearly observed.
We found that the production cross sections of the excited states relative to that of the ground
state do not go down. This is an important feature of the (pi−, D∗−) reaction. We estimated
the production rates of the excited charmed baryons in the framework of a D∗ exchange in
the t-channel at a very forward scattering angle [8]. Employing harmonic oscillator wave
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Figure 4: Intensities of secondary beams calculated by Sanform-Wang’s for-
mula [5]. See text for assumed conditions.
functions of constituent quarks in the initial and final baryons, we estimate that the produc-
tion rate, R, is expressed as
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Figure 5: Top: reaction scheme to identify charmed baryons and their decays
by means of a missing mass technique. Bottom: designed spectrometer layout.
R ∼ < φf |
√
2σ− exp(iqeffr)|φi >, (1)
∼ (qeff/A)L exp(−q2eff/2A2), (2)
where φi and φf represent initial and final states of baryons. An effective momentum trans-
fer qeff , taking a recoil effect of the residual ud diquark, is as large as 1.4 GeV/c in the
p(pi−, D∗−) reaction at the pion beam momentum of 20 GeV/c. An oscillator parameter A
is taken to be ∼0.4 GeV, which corresponds to the inverse of a typical baryon size. In this
reaction, a u quark in a proton is converted to a c quark in the final charmed baryon in the
reaction. The ud diquark behaves as a spectator. Thus, this reaction well populates λ-mode
excited states, where an angular momentum L is introduced between a c quark and a di-
quark. Due to a large factor of (qeff/A), an absolute value of the production cross section
is reduced very much. On the other hand, the ratio of R for an excited state with L to that
for the ground state (L = 0) is ∼ (qeff/A)L, which does not go down even for L > 0. The
(pi−, D∗−) reaction is suitable to populate higher spin states.
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Figure 6: Expected missing mass spectrum in the (pi−, D∗−) reaction on hydro-
gen.
The λ-mode Λc baryons with L > 0 has two spin states coupled to L± 1/2. These states are
LS partners. Therefore, we find that the production ratio of the two states should be L:L+1.
Reversely, we can determine the spin-parity of the λ-mode Λc baryons by measuring the
cross sections.
So far, a production cross section of Λc in the p(pi−, D∗−) reaction has not been measured.
Only upper limit, 7 nb, was reported in 1985 [9]. We estimate the production cross section to
be a few nano barn at incident pion momentum of 20 GeV/c [10] by employing a framework
of reggeon exchange model, which describes binary peripheral reactions well at high energy.
We expect to observe 1000 events of the ground state Λc production for 100 days.
Decay branching ratios carry information on internal structure of a baryon. The ratio of
decay into a heavy meson and a light baryon to that into a light meson and a heavy baryon is
of particular interesting. The former is expected to be dominant, if it is energetically allowed,
in λ-mode excited baryon, which is an orbital excitation between a heavy quark and a light
diquark. The situation is to be opposite in ρ-mode. One can find a suggestion in the case
of Λ(1520), which is a P-wave hyperon with spin-parity of 3/2−. In Λ(1520) dominantly
decays into a Kaon and a nucleon, while a Q-value in the decay is smaller than that in the
decay into a pion and a Σ hyperon. The Λ(1520) hyperon can be classified as a λ-mode
hyperon although ρ/λ mode classification has yet to be established in any baryon excited
states. Systematic measurements of decay branching ratios for the excited charmed baryons
are of particular importance.
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4. Baryon Spectroscopy with Different Flavors
The above-mentioned discussion on internal structure of baryons with a single heavy quark
can be extended to baryons with double heavy quarks. In the case of double heavy-quark
baryons, the order of the excitation energy for λ and ρmodes interchanges. Here, the λmode
is a motion of the light quark to the heavy-quark pair, and the ρ mode is a relative motion
between two heavy quarks. One expects that a λ mode excited state favors a decay into a
light meson and a double heavy-quark baryon. A ρ mode state may dominantly decay into a
single-heavy meson and a single-heavy baryon.
A several states of cascade hyperons Ξ are listed [7]. Little is known about their spin-parities
and decay branching ratios. The (K¯,K+) reaction is one of promising reactions to produce
cascade hyperons. Since the (K¯,K+) reaction has no single-meson exchange process in t
channel, Ξ productions at backward angles are expected to play a principal role. ρ-mode Ξ
hyperons may be populated well through u-channel process. It is quite worthy to measure
production rates and decay branching ratios of Ξ hyperons.
5. Concluding Remark
• Masses, decay branching ratios, and production rates of baryons with heavy flavors
provide information on internal motions of ingredients, such as diquark correlation.
• We proposed an experiment on charmed baryon spectroscopy via the (pi−, D∗−) reac-
tion at the J-PARC high-momentum beam line. We will measure a mass spectrum of
charmed baryons from the ground state to highly excited states in an excitation energy
range of more than 1 GeV by means of a missing mass technique. Production cross
sections and decay branching ratios of produced charmed baryons will be measured.
• The present argument on baryon spectroscopy with a charm quark should be extended
to those with different flavors. In particular, Ξ baryons are of interest as double-heavy
quark system that can be accessible in experiment. Neutral Kaon beam at JLab is
unique in hadron spectroscopy and plays a complimentary role to the J-PARC. Con-
structive collaboration to integrate efforts to realize hadron spectroscopy with hadron
beams in JLab and J-PARC is desired.
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Abstract
The K¯ + N → K + Ξ and γ + N → K + K + Ξ reactions are investigated in a com-
bined analysis within an effective Lagrangian approach to learn about the basic features of
these reactions. Such a study should help construct more complete reaction models within
a full coupled-channels approach to extract relevant physics information from forthcoming
experimental data in the multi-strange particle physics programs at modern experimental fa-
cilities including J-PARC and JLab. Among the above-threshold three- and four-star S = −1
resonances considered in this work, a minimum of three resonances, namely Σ(2030)7/2+,
Σ(2265)5/2−, and Λ(1890)3/2+, are found to be required to reproduce the available data in
the considered K¯- and photon-induced reactions. Among them, the Σ(2030)7/2+ resonance
is shown to play a clear and important role in both reactions.
1. Introduction
One of the major interests in baryon spectroscopy in the strangeness sector is the possi-
bility to learn about the properties of the so-called multi-strangeness baryons, i.e., baryons
with strangeness quantum number S < −1. Although the multi-strangeness baryons have
played an important role in the development of our understanding of strong interactions, and
thus should be an integral part of any baryon spectroscopy program, the current knowledge
of these baryons is still extremely limited. In fact, the SU(3) flavor symmetry allows as
many S = −2 baryon resonances, called Ξ, as there are N and ∆ resonances combined
(∼ 27); however, until now, only eleven Ξ baryons have been discovered [1]. Among them,
only three [ground state Ξ(1318)1/2+, Ξ(1538)3/2+, and Ξ(1820)3/2−] have their quantum
numbers assigned. This situation is mainly due to the fact that multi-strangeness particle pro-
ductions have relatively low yields. For example, if there are no strange particles in the initial
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state, Ξ is produced only indirectly and the yield is only of the order of nb in the photopro-
duction reaction [2], whereas the yield is of the order of µb [3] in the hadronic K¯-induced
reaction, where the Ξ is produced directly because of the presence of an S = −1 K¯ meson
in the initial state. The production rates for Ω baryons with S = −3 are much lower [4].
The initiative to having a KL beam at the Thomas Jefferson National Accelerator Facility
(JLab) in particular to study, among other things, multi-strangeness baryon spectroscopy is,
therefore, extremely valuable.
The study of multi-strangeness baryons has started to attract renewed interests recently. In-
deed, the CLAS Collaboration at JLab plans to initiate a Ξ spectroscopy program through
the photoproduction reaction using the upgraded 12-GeV machine, and measure exclusive
Ω photoproduction for the first time [5]. Some data for the production of the Ξ ground state,
obtained from the 6-GeV machine, are already available [2]. J-PARC is going to study the
Ξ baryons via the K¯ + N → K + Ξ process (which is the reaction of choice for producing
Ξ) [6, 7] in connection to its program proposal for obtaining information on Ξ hypernuclei
spectroscopy. It also plans to study the pi +N → K +K + Ξ reaction as well as Ω produc-
tion. At the FAIR facility of GSI, the reaction p¯+p→ Ξ¯+Ξ will be studied by the PANDA
Collaboration [8].
In the present work, we concentrate on the production of S = −2 Ξ, in particular, on the
production reaction processes of the ground state Ξ:
K¯ +N → K + Ξ , (1)
γ +N → K +K + Ξ . (2)
The K¯-induced reaction (1) has been studied experimentally mainly throughout the 60’s
which was followed by several measurements made in the 70’s and 80’s. The existing data
are rather limited and suffer from large uncertainties. There exist only very few early at-
tempts to understand this reaction. Recent calculations are reported by Sharov et al. [9] and
by Shyam et al. [10]. Although the analyses of both works are based on very similar effective
Lagrangian approaches, the number of S = −1 hyperon resonances included as intermediate
states are different. While in Ref. [9] only the Σ(1385) and Λ(1520) were considered in addi-
tion to the above-threshold Σ(2030) and Σ(2250) resonances, in Ref. [10] eight of the 3- and
4-star Λ and Σ resonances with masses up to 2.0 GeV have been considered. While the au-
thors of Ref. [9] pointed out the significance of the above-threshold resonances, the authors
of Ref. [10] have found the dominance of the sub-threshold Λ(1520) resonance. Reaction (2)
has been also considered by Magas et al. [11] within the coupled-channels Unitarized Chiral
Perturbation approach when determining the parameters of the next-to-leading-order inter-
actions. The authors of Ref. [11] have added the Σ(2030) and Σ(2250) resonances into their
calculation to improve the fit quality to the total cross section data. Also the Argonne-Osaka
group [12, 13] reported applying their Dynamical Coupled Channels (DCC) approach to K¯-
induced two-body reactions for center-of-momentum energies up to W = 2.1 GeV. Some of
the model-independent aspects of the reaction (1) have been studied recently by the present
authors [14, 15].
We note here that the proper identification of resonances and the reliable extraction of their
parameters require detailed knowledge of the analytic structures of the scattering amplitude
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that, to date, can only be obtained through a full coupled-channel treatment, such as that of
Refs. [12, 13]. However, because the currently available data in the KΞ channel are scarce
and of low quality, they do not provide sufficient constraints for the model parameters to
permit an in-depth analysis of that channel. In this context, we mention that a coupled-
channel partial-wave analysis of K¯-induced reactions up to W = 2.1 GeV has also been
performed recently by the Kent State University group [16,17] which includes seven reaction
channels, but not the KΞ channel.
The available experimental data for the photon-induced reaction (2) are also very scarce.
In fact, the only data available for this reaction in the resonance energy region are those
from JLab [2] using the 6-GeV machine. Specifically, the total cross sections, both the K
and Ξ angular distributions and the KK and KΞ invariant mass distributions are available.
Theoretical studies of this reaction are scarce, too. To date, the work of Refs. [18, 19] is the
only one that analyzes the JLab data of Ref. [2].
One of the purposes of the present work is to search for a clearer evidence of the S =
−1 hyperon resonances in reactions (1) and (2). However, we emphasize that our main
interest here lies not so much in the accurate extraction of S = −1 hyperon resonance
parameters, but in an exploratory study to learn about the pertinent reaction mechanisms and,
in particular, to identify the resonances that come out to be most relevant for the description
of the existing Ξ production data. In fact, with the exception of the Σ(2250) resonance,
whose mass was adjusted slightly to better reproduce the observed bump structure in the
total cross section in the charged Ξ production, the masses and widths of the resonances
incorporated here are taken from other sources. Only the product of the coupling constants
and the cutoff parameters in the corresponding form factors are adjusted in the present work.
2. Formalism
In the present work, we perform an analysis of the existing data based on a relativistic ef-
fective Lagrangian approach that includes a phenomenological contact amplitude which ac-
counts for the rescattering contributions and/or unknown (short-range) dynamics that have
not been included explicitly into the model. For photoproduction, local gauge invariance
as dictated by the appropriate generalized Ward-Takahashi identity is strictly enforced [20].
Figures 1 and 2 display the Feynman diagrams considered in the present work for the K¯-
and photon-induced reactions, (1) and (2), respectively. Further details of the model can be
found in Ref. [21] for reaction (1) and, in Refs. [18,19], for reaction (2). While the tree-level
model used here is not very sophisticated, it captures the essential aspects of the processes in
question. As such, the use of a simplified and flexible model is particularly well suited for a
situation, such as for the reactions (1) and (2), where scarce and/or poor data prevent a more
detailed and complete treatment. The present study is our first step toward building a more
complete reaction model capable of reliably extracting the properties of hyperons from the
forthcoming experimental data, in addition to providing some guidance for planning future
experiments.
3. Results
We now turn to a selected set of results of the present work which treats the reactions (1)
and (2) consistent with each other. It should be mentioned that, although similar, the results
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Figure 1: Diagrams describing the amplitude for reaction (1) in the present calculation. The label-
ing of the external legs of the s-channel diagram, Ms, follows the reaction equation (2); the labels
apply correspondingly also to the external legs of the u-channel diagram, Mu, and the contact term
Mc. The intermediate hyperon exchanges, Λ and Σ, indicated for Ms also appear in Mu. The
details of the formalism, including the contact amplitude, Mc, are given in Ref. [21].
we show here differ from those shown in Refs. [18, 19, 21], for the model parameters have
been readjusted to reproduce the available data for both reactions considered simultaneously.
As far as the S = −1 hyperon contributions are concerned, our analysis reveals that a
minimum of three above-the-threshold resonances, namely the Σ(2030)7/2+, Σ(2250)5/2−
and Λ(1890)3/2+ resonances, in addition to the Σ(1385)3/2+ and the ground states Λ(1116)
and Σ(1193), suffice to reproduce all the available data in both the K¯ + N → K + Ξ and
γ +N → K +K + Ξ reactions.
(a) K¯ +N → K + Ξ Reaction
In Fig. 3, we illustrate the amount of the above-threshold resonance contributions of
the present model to the total cross sections in reaction (1). We do this by compar-
ing the full results (blue solid curves) to the result found by switching off one reso-
nance at a time. We see in Fig. 3(a) that the largest effect of Σ(2030) on the cross
sections is in the range of W ∼ 2.0 to 2.4 GeV. This resonance is clearly needed in
our model to reproduce the data. It also affects the recoil polarization as will be dis-
cussed later. We note that the present model yields the product of the branching ratios
Br
(
Σ(2030)→ KN)× Br(Σ(2030)→ KΞ) ≈ 15.6% which may be contrasted with
the corresponding values of ≈ 16.1% (model A) and ≈ 20.4% (model B) extracted in
Ref. [13] within a DCC approach. 1 The Λ(1890) affects the total cross section in the
range of W ∼ 1.9 to 2.1 GeV, and the Σ(2250)5/2− contributes around W ∼ 2.2 GeV,
where it is needed to reproduce the observed bump structure. A more accurate data
set is clearly needed for a more definitive answer about the roles of the Λ(1890) and
Σ(2250) resonances. Figure 3(b), for the neutral Ξ0 production, also shows a similar
feature observed in the Ξ− case for the Σ(2030) resonance. Here, the influence of the
1Note that only the product of the KYN and KY Ξ coupling constants (Y = Λ,Σ resonances) is sensitive to the
data in the present model.
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Figure 2: Diagrams contributing to the reaction mechanism of reaction (2).
The intermediate baryon states are denoted as N ′ for the nucleon and ∆ res-
onances, Y, Y ′ for the Λ and Σ resonances, and Ξ′ for Ξ(1318) and Ξ(1530).
The intermediate mesons in the t-channel are K [(a) and (b)] and K∗ [(h) and
(i)]. The diagrams (f) and (g) contain the generalized contact currents that
maintain gauge invariance of the total amplitude. Diagrams corresponding to
(a)–(i) with K(q1)↔ K(q2) are also understood. The details of the formalism,
including the contact amplitude, Mc, are discussed in Refs. [18, 19].
Σ(2250)5/2− is smaller and that of the Λ(1890) is hardly seen. Recall that there is no
u-channel Λ contribution in the neutral Ξ0 production.
A peculiar feature of the K− + p → K+ + Ξ− process is that it is dominated by the
P and D partial-waves (not shown here). In particular, the P -wave dominates the total
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Figure 3: Total cross section results with individual resonances switched off
(a) for K− + p → K+ + Ξ− and (b) for K− + p → K0 + Ξ0. The blue solid
lines represent the full result. The red dashed lines, which almost coincide
with the blue lines represent the result with Λ(1890) switched off. The green
dash-dotted lines represent the result with Σ(2030) switched off and the ma-
genta dash-dash-dotted lines represent the result with Σ(2250)5/2− switched
off. The data are the digitized version from Ref. [9].
cross section even down to energies very close to threshold. This is also corroborated
by the DCC calculation of Ref. [12]. The experimental total cross section data (σ)
divided by the magnitude of the relative three-momentum in the final state (p′), σ/p′,
as a function of p′2, reveal essentially a linear dependence near threshold, a model-
independent indication of the P -wave contribution.
The results for the recoil polarization asymmetry multiplied by the cross section are
shown in Fig. 4. Overall, we reproduce the data reasonably well. We also find that the
results shown at W = 2.11 GeV are still significantly affected by the Σ(2030). This
corroborates the findings of Ref. [9]. An interesting observation here is that, although
small, the measured recoil polarization asymmetry is finite and non-vanishing. This
offers an opportunity to measure the parity of the ground state Ξ which has never been
measured — its positive parity as assigned by the Particle Data Group stems from
quark-model predictions [1]. The reflection symmetry in the reaction plane implies
that the target and recoil polarization asymmetries, T and P , respectively, in reaction
(1) are related to each other by [14]
T = piΞP , (3)
where piΞ stands for the parity of the Ξ hyperon.
We also show in Fig. 5 our prediction for the total cross section in the KL + p →
K+ + Ξ0 reaction. Unlike the other reaction channels considered above, this channel
serves as a total isospin I = 1 filter, for no contribution of I = 0 is present. However,
we note that the isoscalar Λ hyperons still contribute to this reaction via the u-channel
process.
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Figure 4: The recoil asymmetry multiplied by the cross section, P dσ
dΩ
, for both
theK−+p→ K+ +Ξ− andK−+p→ K0 +Ξ0 reactions. The blue solid lines
represent the full results of the current model. Data are the digitized version
from Ref. [9].
Figure 5: Prediction for the total cross section in the KL + p → K+ + Ξ0
reaction.
(b) γ +N → K +K + Ξ Reaction
Figures 6(a),(b) display theK+ and Ξ− angular distributions, respectively, in the center-
of-mass frame for the reaction γ+p→ K++K++Ξ−. Overall, the data are reproduced
very well. The same figures also show the results when the t-channel K-exchange cur-
rent diagrams [cf. Fig. 2(a),(b)] involving the S = −1 hyperon resonances are switched
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off. We see that they are crucial in providing the observed behavior of the measured
angular distributions.
Figure 6: Differential cross sections for the reaction γ+p→ K+ +K+ +Ξ− in
the center-of-mass frame of the system. Left panel: K+ angular distribution.
Right panel: Ξ− angular distribution. The blue solid lines represent the full
result. The red dashed lines represent the result with the t-channelK-exchange
currents [cf. Fig. 2(a) and (b)] switched off. The number in the upper right
corner in each graph denotes the incident photon energy in units of GeV in the
laboratory frame. The data are from Ref. [2].
The results for theK+Ξ− invariant mass distributions are shown in Fig. 7. It reveals the
important role of the Σ(2030) and Λ(1890) resonances in reproducing the experimental
data. We found that the Σ(2250) resonance has a minor effect here.
4. Conclusion
In this work we have presented a combined analysis of the K¯ +N → K + Ξ and γ +N →
K + K + Ξ reactions within an effective Lagrangian approach. All the currently available
data, in both theK−+p→ K+ +Ξ− andK−+p→ K0 +Ξ0 processes, are well reproduced
by the present model overall, and some of the basic features of the ground state Ξ production
in these reaction processes have been understood.
The above-threshold resonances Λ(1890), Σ(2030), and Σ(2250) are required to achieve a
good fit quality of the K−-induced reaction data. Among them, the Σ(2030) resonance is
the most critical one. This resonance affects not only the cross sections but also the recoil
asymmetry. More accurate data are required before a more definitive answer can be provided
for the role of the Λ(1890) and Σ(2250) resonances. In this regard, the multi-strangeness
hyperon production programs using an intense anti-Kaon beam at J-PARC and JLab are of
particular relevance in providing the much needed higher-precision data for the K¯-induced
reaction. While it may perhaps not be entirely clear which role any particular resonance plays
for the K− + N → K + Ξ reaction, the present and other calculations based on different
approaches [9–13] seem to agree that some S = −1 hyperon resonances are required to
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Figure 7: K+Ξ− invariant mass distribution for the reaction γ + p → K+ +
K+ + Ξ−. The blue solid lines represent the full result. The red dashed lines
represent the result with Σ(2030) switched off. The green dash-dotted lines
represent the result with Λ(1890) switched off. The number in the upper right
corner in each graph denotes the incident photon energy in units of GeV in the
laboratory frame. The data are from Ref. [2].
reproduce the existing data. To pin down the role of a particular resonance among them
requires more precise and complete data, in addition to more detailed theoretical models
such as that of Refs. [12,13]. In any case, both the K¯- and photon-induced reactions studied
in the present work are very well suited for studying S = −1 hyperon resonances in the
∼ 2 GeV region.
We also found that the Λ(1890) and Σ(2030) resonances play an important role in the
photon-induced reaction. In particular, they are required to bring the calculated K+Ξ− in-
variant mass distributions in agreement with the corresponding measurements.
Finally, the present work is our first step toward building a more complete reaction theory to
help analyze the data and extract the properties of Ξ resonances in future experimental efforts
in Ξ baryon spectroscopy. This is a complementary work to that of a model-independent
analysis performed recently in Ref. [15] and will also help in analyzing the data to understand
the production mechanisms of Ξ baryons.
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Abstract
An assessment is made of predictions for excited hyperon masses which follow from flavor
symmetry and consistency with a 1/Nc expansion of QCD. Such predictions are based on
presently established baryonic resonances. Low lying hyperon resonances which do not seem
to fit into the proposed scheme are discussed.
1. Introduction
The present status of excited hadrons is apparently incomplete. This is so for mesons and
especially for baryons. There is an incompleteness problem known as “missing baryon res-
onances ”, which is defined by the smaller multiplicity of the experimentally extracted res-
onances vis-á-vis the predictions of quark models and emphasized by recent studies of the
baryon spectrum in lattice QCD (LQCD). While this may turn out to be a lesser problem,
because quark models are after all not QCD and LQCD calculations have been done at rela-
tively large quark masses and do not fully include the coupled channels affecting the baryon
resonances, there is another missing resonance problem associated with flavor: the missing
excited hyperons. According to approximate SU(3) symmetry we would have the follow-
ing relations between numbers of states (if excited baryons would only fill 1, 8 and 10 of
SU(3), and ignoring isospin): #Σ = #Ξ = #N+#∆ (PDG [1]: 26 : 12 : 49), #Ω = #∆
(PDG: 4:22), and #Λ = #N + #singlets (PDG: 18:29). An obvious question, is whether
missing hyperons are only an experimental issue related to limited data, and thus improvable
with future experimental efforts, or, in some cases, due to the breaking of SU(3) symmetry
which in those cases may be too large. The latter situation would be most likely the case
for dynamically generated excited baryons with more non-strange resonances than strange
ones generated in that way, a situation which however does not seem to occur at least for the
lower excited baryons, where, as mentioned later, there are more hyperons than non-strange
baryons identifiable with such possible dynamically generated states. Here we critically
analyze that question anchoring the discussion in two expansions of QCD, namely the ex-
pansions in the light quark masses and in 1/Nc. They connect QCD to the baryons by the
approximate symmetries they imply, namely SU(3)× SU(3) and spin-flavor SU(6) [2], re-
spectively. In both cases, the breaking of the symmetries is implemented by an expansion in
quark masses and in 1/Nc. Having a well defined framework leads in particular to relations
that allow for predictions, e.g., among the masses of the resonances. Testing those relations,
when possible, represents an important insight into the actual validity of the framework, and
ultimately into QCD itself.
The case of the ground state 8 and 10 baryons is a powerful indicator. Looking at the masses,
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one has the Gürsey-Radicati mass formula with the explicit expansion in 1/Nc:
MB = Ncm0 +
CHF
Nc
(~S2 − 3
4
Nc)− c8m8 S − c′8m8 SiGi8 +O
(
1/N2c ; m8/Nc
)
, (1)
where ~S is the spin operator, S is the strangeness and Gia are the spin-flavor generators
of SU(6) (identified at leading order in 1/Nc with the axial vector currents), and m8 =
ms − mu,d is the octet component of the quark masses. The Gell-Mann-Okubo (GMO)
and equal spacing relations (ESR) are satisfied up to deviations O (m28/Nc) plus terms non-
analytic in the quark masses. In addition there is one relation involving simultaneously 8
and 10 baryons that tests SU(6), namely (mass of baryon indicated by its name):
Σ∗ − Σ = Ξ∗ − Ξ +O (1/N2c ) 212 MeV vs 195 MeV, (2)
which is satisfied within the expected level of accuracy.
Another test of SU(6) symmetry is provided by the axial couplings, namely [3]:
gNNA = g
N∆
A = g
∆∆
A
Exp : 1.27 : 1.24 : −
LQCD : 1.17 : 1.07 : 0.98,
where the deviations are O (1/N2c ) or 10%.
If we look at the excited baryons, we find that there is only one SU(3) multiplet that can be
empirically identified (disregarding the SU(3) singlet Λs), namely one of the JP = 1/2− 8:
N(1532), Λ(1676), Σ(1667), Ξ(1815), which satisfies remarkably well the GMO relation,
namely−19±26 MeV. As shown later, a number of other relations implied by broken SU(6)
symmetry can be derived, some of which can be tested with the listed PDG states.
2. Excited Baryons and SU(6)×O(3)
In principle, the S-matrix in the SU(3) and large Nc limits should display the exact SU(6)
symmetry of baryons, and one should be able to study all the corresponding observables
via an expansion in quark masses and 1/Nc if the breaking of SU(6) is sufficiently small.
In particular, it should be possible to expand the resonance parameters such as pole mass
and width, or the Breit-Wigner resonance mass, as well as partial decay widths, etc. The
framework for implementing such an expansion for excited baryons is based on expanding
around an SU(6) × O(3) symmetry limit [4]. That framework allows for the derivation of
mass formulas for the baryons belonging to a given SU(6) × O(3) multiplet–(for issues of
mixing of different multiplets see [5]). The importance of these formulas is that they lead
to mass relations, and thus to possible predictions. Mass formulas accurate to first order in
the quark masses and O (1/Nc) have been derived for the [56, `P = 0+, 2+] [6, 7] and for
the [70, `P = 1−, 2+] [8–10]. We briefly discuss those results, as they represent the best
illustration of the predictivity issues we are discussing. Identifying the baryons in a given
irrep of SU(6)×O(3) by (R, `; J,R3Y I), the mass formula has the general form:
MB(R, `; J,R3Y I) = Ncm0(R, `) + δM(R, `; J,R3Y I), (3)
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where δM provides all the symmetry breaking effects expanded to the given order, and it is
constructed in terms of a basis of composite operators built with products of the generators
of the symmetry group [4] and ordered in powers of m8 and 1/Nc. The key observation is
that we know how to build such a basis in a systematic way thanks to the fact that we know
how to count in 1/Nc at the baryon level [2, 4].
(a) The [56,2+] Baryons
As the first illustration, we discuss the [56,2+] baryons, where atO (1/Nc) andO (m8)
there are only three SU(3) singlet and three SU(3) breaking mass operators leaving a
total of 14 mass relations [7], and 12 unknown hyperon masses can be predicted from
the presently known states in the multiplet [1]. Table 2a shows the mass relations,
where some can be tested by the known PDG Breit-Wigner masses. In all cases in this
report the fits have been carried out by including PDG states rated with at least three
stars.
Table 1: [56,2+] mass relations, include the GMO relations for the two octets
and the two ESR for each of the four decuplets.
Relation Test (MeV)
∆5/2 −∆3/2 = N5/2 −N3/2 −40± 43 vs − 17± 51
5
7
(∆7/2 −∆5/2) = N5/2 −N3/2 39± 19 vs − 17± 51
1
3
(∆7/2 −∆1/2) = N5/2 −N3/2 18± 9 vs − 17± 51
4
15
(Λ3/2 −N3/2) + 1115(Λ5/2 −N5/2) = 12(Σ5/2 − Λ5/2) + Σ7/2 −∆7/2 148± 17 vs 132± 16
Λ5/2 − Λ3/2 + 3(Σ5/2 − Σ3/2) = 4(N5/2 −N3/2) − −
Λ5/2 − Λ3/2 + Σ5/2 − Σ3/2 = 2(Σ′5/2 − Σ′3/2) − −
7 Σ′3/2 + 5 Σ7/2 = 12 Σ
′
5/2 − −
4 Σ1/2 + Σ7/2 = 5 Σ
′
3/2 − −
8s: 2(NJ + ΞJ) = 3 ΛJ + ΣJ − −
10s: ΣJ −∆J = ΞJ − ΣJ = ΩJ − ΞJ − −
The masses of all the missing states can be predicted, and they are shown in the case of
Λ, Σ and Ξ hyperons in Fig. 1.
(b) The [70,1−] Baryons
In a similar way one can analyze the 70-plet baryons, in particular the lightest [70,1−] [8,
9]. Here also mass relations can be derived: there are 32 isospin multiplets in the
[70,1−], and the basis of mass operators involves a total of 15 operators, leaving 17
mass relations, of which 11 are GMO and ESR, and the rest are relations that test spin-
flavor symmetry. As mentioned earlier, one GMO relation can be tested with the known
PDG states. The masses of all missing states can be predicted, as shown in Fig. 1 for
the hyperons. The [70,1−] is interesting because there is state mixing, primarily driven
by the breaking of the spin-symmetry, but also by SU(3) breaking. The two mixings
involving the pairs of nucleons with J=1/2 and 3/2 can be unambiguously determined
by including the analysis in the same framework of the decays as mentioned later.
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3. Mass Predictions and Observations
The predictions for yet unobserved or unidentified hyperons can be seen in Fig. 1. Starting
with the Λs, there is a prediction for a 3/2− with a mass of 1865 MeV which does not
match any PDG listed state: this should therefore be a significant prediction. It should
be noted that the Λ(1405), which being a singlet of SU(3) can only be constrained in the
present framework by the spin-flavor symmetry, can be described in the framework without
having to introduce unnatural size coefficients in the mass formula [8, 9]. This of course
does not exclude that there is an important role of the Σpi and NK coupled channels in its
structure [11, 12]. The 1/2+ Λ(1810) is interesting: it is too light to be described within
any spin-flavor multiplet, but it sits close to the KΞ threshold: is it a KΞ resonance or a
threshold effect ? The higher mass Λs should belong to other multiplets not considered here.
For the Σs, the situation becomes quite interesting. There are seven PDG states with unde-
termined JP . Of those, four have masses between 1450 and 1750 MeV. The two lowest lying
ones are very difficult to explain: they do not fit into any flavor multiplet as they are way too
light. A similar issue but less definite occurs with the next two states. The one star 3/2−
state at 1570 MeV does not seem to fit into a multiplet, and it is about 50 MeV above the
piΣ∗ threshold: it seems therefore to be a difficult state to explain. Among the 1/2+ states,
the heavier mass corresponds to the Σ in the decuplet, and the PDG shows two states below
it which cannot be matched. The lower one may be related to the ηΣ threshold, which could
explain it, but the upper one is puzzling. In the case of the negative parity states there are
three clear predictions as shown in the Fig. 1.
Finally, for the Ξs, in which the KL beam could play a very important role as a discovery
tool, we have a large number of predictions and also possible identifications with PDG states
with yet undetermined JP . As in the case of the Σs, there are several PDG listed states which
are too light to belong onto identifiable multiplets. For further discussion on the Ξ(1620) and
Ξ(1690) see [13, 14].
The mentioned lower excited Σs and Ξs quoted in the PDG cannot be assigned to any SU(3)
multiplet because no non-strange partners sufficiently light to fit into such multiplets exist.
It is interesting to observe that they are close to thresholds (50 MeV or less), and thus they
are likely closely related to those thresholds. While there is one three star state, (Ξ(1690)),
the rest are one or two star states. Neither quark models nor the LQCD calculations show
those states. This can be understood if meson-baryon dynamics is the relevant physics (dy-
namically generated resonances or threshold effects), which is not captured in either of those
approaches. More sophisticated LQCD calculations than the ones performed so far will be
needed to find such effects. Those calculations are based on the Lüscher approach to ex-
tract hadronic interactions from finite volume effects on energy levels, which in the case of
baryons are still in their early stages [15].
For dynamically generated states, which turn out to lie close to thresholds, one expects the
effects of SU(3) symmetry breaking to be magnified, and thus SU(3) may cease to be a use-
ful predictive tool. This is well known in the case of the scalar mesons, where the lightest 0+
states cannot be accommodated into an octet with a GMO relation being approximately sat-
isfied 1. It should be emphasized that even in the large Nc limit one should expect non-trivial
1Let us remind the reader that for the vector mesons, once one factors in the ideal ω−φ mixing, the GMO relation
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meson-baryon dynamics and therefore possible dynamically generated states. This contrasts
with mesons, where the meson-meson interaction tends to vanish at large Nc, and thus the
formation of tetra-quark states should eventually become impossible. Thus in baryons, dy-
namically generated states which cannot be assigned to an SU(3) multiplet are not excluded
by the 1/Nc expansion.
4. Other Possible Predictions: Decays
For states which can be assigned to spin-flavor multiplets, one can expect that other ob-
servables beyond the masses will be constrained by symmetry. One case in point are the
two-body strong decay partial widths. It is possible to derive relations between the partial
decay widths, and in principle also derive predictions. As illustration, we mention here the
[70,1−] decays [16]. The partial decay widths play an important role in determining the
mixing angles between the two pairs of nucleon states with J = 1/2 and 3/2. Various rela-
tions, written in terms of reduced partial decay widths (i.e., by conveniently removing phase
space and centrifugal barrier factors [16]) can be tested. Two relations valid at LO in the
1/Nc expansion permit for a determination of the mixing θJ=1/2 via S-wave decays:
Γ˜(N(1535)→ Npi)− Γ˜(N(1650)→ Npi)
Γ˜(N(1535)→ Npi) + Γ˜(N(1650)→ Npi) =
1
5
(3 cos(2θ1/2)− 4 sin(2θ1/2),
Γ˜(N(1535)→ Nη)− Γ˜(N(1650)→ Nη)
Γ˜(N(1535)→ Nη) + Γ˜(N(1650)→ Nη) = 2 sin(2θ1/2), (4)
which give respectively: θ1/2 = 0.46 ± 0.10 or 1.76 ± 0.10 and θ1/2 = 0.51 ± 0.27. The
global fit in Ref. [17] gives θ1/2 ∼ 0.40 ± 0.20. Other relations that can be tested are the
following ones:
S-wave :
Γ˜(N(1535)→ Npi) + Γ˜(N(1650)→ Npi)
Γ˜(∆(1620)
= 1; PDG: 1.64± 0.85,
Γ˜(∆(1620)→ Npi)
Γ˜(∆(1700)→ ∆pi) = 0.1; PDG: 0.29± 0.15,
D-wave :
2Γ˜(∆(1620)→ ∆pi) + Γ˜(∆(1700)→ ∆pi)
15Γ˜(∆(1620)→ Npi) + 32Γ˜(∆(1700)→ Npi) = 1; PDG: 0.71± 0.30,
Γ˜(N(1535)→ ∆pi) + Γ˜(N(1650)→ ∆pi) + 11Γ˜(∆(1700)→ ∆pi
132Γ˜(∆(1700)→ Npi) + 90Γ˜(N(1675)→ Npi) = 1; PDG: 0.78±0.33,
which are to first approximation remarkably well satisfied.
A complete analysis of the [70,1−] decays involving the hyperons can be found in Ref. [16].
The results there could be of course extended to predict the partial decay widths of the yet
unseen hyperons in the [70,1−].
is satisfied to a very good approximation.
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Figure 1: Excited hyperon masses. In color the PDG masses with their star
ratings. In dark the results of the fits to the PDG states and the predictions. The
dashed lines indicate the relevant thresholds corresponding to a pseudoscalar
meson and a low lying 8 or 10 baryon. The masses on the extreme right of the
figures are those whose JP quantum numbers are not established by the PDG.
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5. Tests with Lattice QCD Results
Calculations of the baryon spectrum in LQCD represent an important new source of infor-
mation which can be used to test models as well as the approach discussed here. The advan-
tage is that complete multiplets have been extracted from the calculations, and thus one can
test the different mass relations. The disadvantage is that the calculations so far have been
carried out at un-physically large quark masses, where apparently QCD dynamics shows
resemblance with quark models, and where the framework does not allow to fully describe
meson-baryon dynamics. Thanks to the large pions masses the lower lying excited states
become relatively narrow, and one expects that the latter issue will not be so important.
The LQCD results can be studied in the SU(3) symmetry breaking and 1/Nc expansions,
providing new tests. This was done in Ref. [18], where states obtained in LQCD [19, 20]
corresponding to the multiplets discussed above were analyzed. Throughout it is observed
that the mass relations are satisfied as expected. The LQCD reported errors on the baryon
masses are in the range of 10 to 50 MeV, which is slightly larger than the expected NLO
corrections in the mass formulas, and thus give a weaker test of the relations than one would
wish. Further study is still necessary to confront our approach with the higher excited states
determined in the LQCD calculations.
An open issue in the LQCD calculations is the study of possible dynamically generated
states mentioned earlier, in particular the discussed hyperons. This would provide a powerful
means for determining the existence of such states and also for answering the questions on
symmetry breaking that arise in those cases.
6. Comments
A KL beam in Hall D at Jefferson Lab would open unique opportunities for the study of
excited hyperons, in particular Ξs, of which much is still to be learned. Discerning the
multiplet structures of excited baryons remains an open experimental issue which would be
impacted by that development. The coincidence and interplay with the progress of LQCD
studies of excited baryons seems to be particularly auspicious for gaining the much needed
understanding of excited baryons.
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Abstract
We present a model for the meson-baryon interaction in s-wave in the strangeness S=-1 sec-
tor, based on a chiral SU(3) Lagrangian up to next-to-leading order (NLO) and implementing
unitarization in coupled channels. A particular attention has been payed to fitting our model
to the K−p → K+Ξ−,K0Ξ0 cross section data, since these processes are particularly sensi-
tive to the NLO terms. Our model also includes the additional effect of high spin resonances
believed to be important in the ∼ 2 GeV energy region under study. We present predictions
for the cross section of the K0Lp→ K+Ξ0 reaction that could be measured with the proposed
Secondary K0L beam at Jlab. This process is particularly helpful for determining the properties
of the meson-baryon interaction in S = −1, due to the its isospin I = 1 filter character.
1. Introduction
The description of low energy hadron reactions employing SU(3) Chiral Perturbation Theory
(χPT), which is based on an effective Lagrangian which respects the symmetries of QCD,
has ben very succesful but the theory fails to describe hadron dynamics in the vicinity of
resonances. Unitarized Chiral Perturbation Theory (UχPT), which combines chiral dynam-
ics with unitarization techniques in coupled channels, has shown to be a very powerful tool
that permits extending the validity of χPT to higher energies and to describe the physics
around the so called dynamically generated resonances (see [1] and references therein). A
clear example of the success of UχPT is the description of the Λ(1405) resonance, located
only 27 MeV below the K¯N threshold, that emerges from coupled-channel meson-baryon
re-scattering in the S = −1 sector. In fact, the dynamical origin of the Λ(1405) resonance
was already hindered more than 50 years ago [2], an idea that was reformulated later in
terms of the chiral unitary theory in coupled channels [3]. This success stimulated a lot
of activity in the community, which analyzed the effects of including a complete basis of
meson-baryon channels, differences in the regularization of the equations, s- and u-channel
Born terms in the Lagrangian, next-to-leading (NLO) contributions, etc. . . . [4–12]. The
various developed models could reproduce the K¯N scattering data very satisfactorily and all
these efforts culminated in establishing the Λ(1405) as a superposition of two poles of the
scattering amplitude [6, 9, 13].
This topic experienced a renewed interest in the last few years, after the availability of a
more precise measurement of the energy shift and width of the 1s state in Kaonic hydrogen
by the SIDDHARTA Collaboration [14] at DAΦNE. The CLAS Collaboration at JLab has
also recently provided mass distributions of Σ+pi−, Σ−pi+, and Σ0pi0 states in the region of
the Λ(1405) [15], as well as differential cross sections [16] and a direct determination of
the expected spin-parity Jpi = 1/2− of the Λ(1405) [17]. Invariant piΣ mass distributions
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from pp scattering experiments have recently been measured by the COSY Collaboration
at Jülich [18] and by the HADES Collaboration at GSI [19]. In parallel with the increased
experimental activity, the theoretical models have been revisited [20–25] and analyses of
the new reactions, aiming at pinning down the properties of the Λ(1405) better, have been
performed [26–28].
In this contribution, we present a study of the S = −1 meson-baryon interaction focused
on providing well constrained values of the low-energy constants of the NLO chiral La-
grangian [25]. We employ data in the strong sector, including elastic and inelastic cross
section data (K−p → K−p, K¯0n, pi±Σ∓, pi0Σ0, pi0Λ) and the precise SIDDHARTA value
of the energy shift and width of Kaonic hidrogen, as done by the recent works, but, in ad-
dition, we also constrain the parameters of our model to reproduce the KΞ production data
via the reactions K−p→ K+Ξ−, K0Ξ0. The motivation is that the lowest-order Lagrangian
does not contribute directly to these reactions, which then become especially sensitive to
the NLO terms. The model is also supplemented by explicit resonant terms, which are un-
avoidable at CM energies of around 2 GeV characteristic of KΞ production, as proposed
by several resonance-based models that have investigated the photoproduction of Ξ particles
off the proton [29, 30] or via the strong reactions K−p → K+Ξ−, K0Ξ0 [31–33], as in this
contribution.
2. Formalism
The lagrangian implementing the interactions between mesons and baryons at lowest order
reads
L(1)φB = i〈B¯γµ[Dµ, B]〉 −M0〈B¯B〉 −
1
2
D〈B¯γµγ5{uµ, B}〉
−1
2
F 〈B¯γµγ5[uµ, B]〉 , (1)
where uµ = iu†∂µUu†, with U(φ) = u2(φ) = exp
(√
2iφ/f
)
containing the field φ of the
pseudoscalar octet, B stands for the JP = 1/2+ baryon octet, f is the pseudoscalar decay
constant,M0 the common baryon octet mass in the chiral limit, the constantsD, F denote the
axial vector couplings of the baryons to the mesons, and the symbol 〈. . . 〉 stands for the trace
in flavor space. Finally, [Dµ, B] stands for the covariant derivative [Dµ, B] = ∂µB+[Γµ, B],
with Γµ = [u†, ∂µu]/2.
At next-to-leading order, the contributions of LφB to meson-baryon scattering are:
L(2)φB = bD〈B¯{χ+, B}〉+ bF 〈B¯[χ+, B]〉+ b0〈B¯B〉〈χ+〉
+d1〈B¯{uµ, [uµ, B]}〉+ d2〈B¯[uµ, [uµ, B]]〉
+d3〈B¯uµ〉〈uµB〉+ d4〈B¯B〉〈uµuµ〉 , (2)
where χ+ = 2B0(u†Mu† + uMu) breaks chiral symmetry explicitly via the quark mass
matrixM = diag(mu,md,ms) and B0 = −〈0| q¯q |0〉 /f 2 relates to the order parameter of
spontaneously broken chiral symmetry.
From these lagrangians one can derive the interaction kernel up to NLO in the non-relativistic
limit
Vij = V
WT
ij + V
NLO
ij =
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− Cij(2
√
s−Mi −Mj)
4f 2
NiNj +
Dij − 2(kµk′µ)Lij
f 2
NiNj , (3)
where
Ni =
√
Mi + Ei
2Mi
, Nj =
√
Mj + Ej
2Mj
with Mi,Mj and Ei, Ej the masses and energies, respectively, of the baryons involved in
the transition. The indices (i, j) cover all the initial and final channels, which, in the case
of strangeness S = −1 and charge Q = 0 explored here, amount to ten: K−p, K¯0n, pi0Λ,
pi0Σ0, pi−Σ+, pi+Σ−, ηΛ, ηΣ0, K+Ξ−, and K0Ξ0. The matrices of coefficients Cij , Dij and
Lij are shown in the appendix of [25]. They depend on the pion decay constant f and the
parameters b0, bD, bF , d1, d2, d3 and d4, which will be determined in our fits.
The UχPT method consists in solving the Bethe-Salpether equation in coupled channels
Tij = Vij + VilGlTlj , (4)
where the loop function Gi stands for the propagator of the ith meson-baryon state, which is
regularized employing dimensional regularization
Gl = i
∫
d4ql
(2pi)4
2Ml
(P − ql)2 −M2l + i
1
q2l −m2l + i
=
2Ml
(4pi)2
{
al + ln
M2l
µ2
+
m2l −M2l + s
2s
ln
m2l
M2l
+
qcm√
s
ln
[
(s+ 2
√
sqcm)
2 − (M2l −m2l )2
(s− 2√sqcm)2 − (M2l −m2l )2
]}
, (5)
where µ = 1 GeV is the regularization scale and al are the so called subtraction constants,
which are taken as free parameters to be fitted to data. There are only 6 independent subtrac-
tion constants in S = −1 meson-baryon scattering due to isospin symmetry.
This model will be supplemented by adding, to the chiral K¯N → K+Ξ−, K0Ξ0 amplitudes,
some of the known resonances in the 1.89 < M < 2.35 GeV energy range. From the eight
resonances rated with three- and four-stars in [34], we take the Σ(2030) and Σ(2250) as
good candidates, coinciding with the findings of Ref. [31], which examined various com-
binations of several resonances. The spin and parity Jpi = 7/2+ of the Σ(2030) are well
established. Those of the Σ(2250) are not known, but the most probable assignments are
5/2− or 9/2− [34]. We choose Jpi = 5/2− to simplify the calculations. An ad-hoc ex-
ponential form-factor function is also introduced to modify the energy dependence of the
resonance contributions. Details on how the resonant terms are implemented can be found
in Ref. [25]. The fit to the data will determine the masses, widths, form-factor cut-off values,
and the product of the resonance couplings to K¯N and KΞ states.
Once the T -matrix is known, one can obtain the differential and total cross sections, theK−p
scattering length, the related energy shift and width of Kaonic hidrogen via the second order
corrected Deser-type formula [35], the branching ratios at threshold, etc.
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Figure 1: Total cross sections for theK−p→ K−p, K¯0n, pi−Σ+, pi+Σ−, pi0Σ0,
and pi0Λ reactions obtained from the WT (no KΞ) fit (red line), the NLO (no
KΞ) fit (green line), the WT fit (blue line) and the NLO fit (black line), where
the last two cases take into account the experimental data of the KΞ channels,
see text for more details. Experimental data are from [36–39]. The points in
red have not been included in the fitting procedure.
3. Results
The elastic and inelastic cross sections are shown in Fig. 1 for several fits: ’WT (no Ξ)’
and ’NLO (no Ξ)’ correspond to cases employing the chiral kernel up to lowest order or
NLO, respectively, without considering the KΞ production data in the fits, as customary
done by the chiral unitary models existing in the literature. The other two models, ’WT’
and ’NLO’, do fit in addition the K−p → K+Ξ−, K0Ξ0 data. It is evident from Fig. 1 that,
for the observables represented there, the four fits are similarly good. The situation changes
drastically for the cross sections of the Ξ production reactions represented in Fig. 2 for the
same four models. The WT (no KΞ) fit, represented by red lines, cannot even reproduce
the size of the cross section in either reaction, which is not a surprising result because there
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is no direct contribution from the reactions K−p → K0Ξ0, K+Ξ− at lowest order. This is
why these reactions are very sensitive to the NLO corrections, which is confirmed by the
NLO (no KΞ) results represented by green lines in Fig. 2. Even if the experimental data
for the K−p → K0Ξ0, K+Ξ− reactions have not been employed in this fit, the NLO (no
KΞ) result gives a larger amount of strength for this channels, especially in the case of
the K+Ξ− production reaction, where the prediction even overshoots the data considerably.
When the KΞ data is included in the fitting procedure, the NLO results, represented by the
black lines, reproduce quite satisfactorily the K−p → K0Ξ0, K+Ξ− cross sections. For
completeness, we have also attempted to reproduce these reactions employing only the low-
est order Lagrangian. The corresponding WT results, represented by the blue lines, improve
considerably over those of the WT (no KΞ) fit, but at the expense of unphysical values for
the fitted subtraction constants since the strength in these channels is built mainly through
unitarization.
Figure 2: The total cross sections of the K−p → K0Ξ0, K+Ξ− reactions ob-
tained from the WT (no KΞ) fit (red line), the NLO (no KΞ) fit (green line),
the WT fit (blue line) and the NLO fit (black line). Experimental data are
from [40–46].
The discrepancies between the NLO model and the data, which are larger in the vicinity of
2 GeV and around 2.2 GeV, can be improved by the explicit implementation of resonance
terms coupling to the KΞ channels. Since the resonant terms produce angular dependent
87
Figure 3: Total cross sections of the K−p → K0Ξ0, K+Ξ− reactions for the
NLO∗ fit (red line) and the NLO+RES fit (black line). Experimental data are
from [40–46].
scattering amplitudes, we can now consider, in addition to the total cross sections and thresh-
old observables already employed in the earlier fits, the differential cross section data of the
K−p → KΞ reactions. In Figs. 3, 4, and 5, we present total and differential cross section
data for two different fits: ’NLOast’ stands for a fit that considers the chiral lagrangian up
to NLO and includes all the data than the previous NLO fit plus the differential cross section
data in the Ξ production channels. ’NLO+RES’ stands for the fit employing a model that
incorporates the additional effect of the two high spin resonances.
The total cross sections for KΞ production obtained from the NLO∗ fit (red lines in Fig. 3)
are in reasonable agreement with the data, even if the resonant terms are not included. This
NLO∗ fit is in fact very similar to the NLO one but it also tries to accommodate the differen-
tial KΞ production cross section data, which can only be adjusted on average, as shown by
the red lines in Figs. 4 and 5, because of the flat distribution characteristic of s-wave models.
In order to account for some structure in the differential KΞ production cross sections we
need to implement the resonant terms. On inspecting the black lines in Figs. 3, 4, and 5
one clearly sees that the NLO+RES fit reproduces satisfactorily the KΞ total cross sections,
while accounting quite reasonably for the differential ones.
In Fig. 6 we show the isopin I = 0 and I = 1 contributions to the K−p → K0Ξ0, K+Ξ−
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Figure 4: Differential cross section of theK−p→ K0Ξ0 reaction for the NLO∗
fit (red line) and the NLO+RES fit (black line), see the text for more details.
Experimental data are from [40–46].
cross sections, which must be summed coherently. We see that the chiral NLO∗ model
produces stronger I = 1 amplitudes than I = 0, which is the reversed situation than one
finds in the absence of unitarization. The dominance of I = 1 contributions is obviously
enhanced in the NLO+RES model that includes two I = 1 resonances explicitly. However,
other models in the literature, as that of Ref. [33] which is fitted to the same data, find a
different distribution over isospin channels. For this reason, in order to pin down the details
of the meson-baryon interaction in the S = −1 sector, it would be very valuable to have data
in this energy range with a definite value of isospin.
A recent possibility has emerged with the measurement at LHCb of the decay of the Λb into
J/Ψ and a meson-baryon pair in S = −1. From the three-body final state, the reconstruction
of J/Ψ p pairs permitted to find the signal of the Pc(4450) pentaquark state [47]. On the other
hand, the invariant mass spectrum of the K−p pairs gives access to study their interaction,
and actually, that of any of its related coupled-channel meson-baryon (MB) pairs, in I = 0,
since it can be shown that the decay Λb → J/ΨMB acts as an I = 0 filter [48, 49]. The
invariant masses of I = 0 KΞ states calculated in [49] show indeed the different predictions
for the invariant mass distributions of KΞ pairs coming from the decay of the Λb, obtained
using the NLO∗ and the NLO+RES models.
It would also be interesting to obtain information on the K¯N → KΞ interacion in I = 1,
of which only two points, obtained from K− deuteron reactions in bubble chamber exper-
iments, are known [50, 51]. The recent proposal of creating a secondary K0L beam at JLab
offers a great opportunity for measuring the K0Lp → K+Ξ0 reaction, which would proceed
through the K¯0 component of the K0L and is of pure I = 1 character. Our predictions for
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Figure 5: Differential cross section of the K−p → K+Ξ− reaction for the
NLO∗ fit (red line) and the NLO+RES fit (black line), see the text for more
details. Experimental data are from [40–46].
this reaction are shown in Fig. 7 for the WT (green dotted line), NLO∗ (red dashed line) and
NLO+RES (black solid line) models, together with the experimental points of the I = 1
K−n → K0Ξ− reaction, which have been divided by two to properly account for the size
of the strangeness −1 component of the K0L. Since these two data points have not been used
in the fit, our predictions for the most complete NLO∗ or NLO+RES models are not good,
especially for the data point around 2 GeV. New data from modern experiments, as the pro-
posed measurement of the K0Lp→ K+Ξ0 reaction with a secondary K0L beam at Jlab, would
certainly be very helpful in constraining the models describing the meson-baryon interaction
in the S = −1 sector around 2 GeV tighter.
4. Conclusions
We have presented a study of the S = −1 meson-baryon interaction, employing a chiral
SU(3) Lagrangian up to next-to-leading order and implementing unitarization in coupled
channels. The model has been supplemented by the explicit consideration of two resonances.
The parameters of the Lagrangian and of the resonances have been fitted to a large set of
experimental scattering data in different two-body channels, to threshold branching ratios,
and to the precise SIDDHARTA value of the energy shift and width of Kaonic hidrogen. In
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Figure 6: Total cross sections of the K−p → K0Ξ0, K+Ξ− reactions for the
NLO∗ fit (left panels) and the NLO+RES fit (right panels), splitted into their
I = 0 (red dot-dashed lines) and I = 1 (green dashed lines) components.
Experimental data are from [40–46].
Figure 7: Total cross sections of the K0L → K+Ξ0 reactions for the for the WT
(green dotted line), NLO∗ (red dashed line) and NLO+RES (black solid line)
models, together with the experimental points of the I = 1 K−n → K0Ξ−
reaction (divided by two). Experimental data are from [50, 51].
contrast to other works, we have also constrained our model to also reproduce the K−p →
K+Ξ−, K0Ξ0 reactions, since they become especially sensitive to the NLO terms.
While a good account of the K−p → K+Ξ−, K0Ξ0 total and differencial cross sections is
achieved, the isospin decompositions of the models studied here show some differences, and
they also differ from other works in the literature. We find a disagreement of our predictions
with the scarce available data in the I = 1 sector. Measuring the K0Lp → K+Ξ0 reactions
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with a secondary K0L beam at Jlab would be extremely valuable to further constrain the
parameters of the chiral lagrangian describing the meson-baryon interaction in the S = −1
sector.
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Abstract
We provide an overview of the recent work developed at the Joint Physics Analysis Center
(JPAC) regarding K¯N scattering and the hyperon spectrum. We emphasize our findings on the
nature of the two 1/2+ poles present in the Λ(1405) region.
1. Hadron Reactions and Resonances as Probes of Strong QCD
Recently there have been dramatic advancements in accelerator technologies, detection tech-
niques and on the theoretical side, algorithms for first principle QCD analyses [1]. These
have led to several candidates for possible “exotic ” hadrons, i.e., quark-gluon hybrids or
quark-hadron molecular states. It thus appears that interpretation of the entire hadron spec-
trum in terms of the valence constituents of the quark model is no longer possible. If con-
firmed, such “exotic ” hadrons could drastically alter our understanding of strong QCD and
shed new light on the confinement of quarks.
Given the wide interest in hadron spectroscopy, the Joint Physics Analysis Center (JPAC) [2]
has been dedicated to the development of theoretical and phenomenological analysis meth-
ods for analysis of hadron reactions. To achieve these goals researchers affiliated with JPAC
are developing amplitude models based on principles of S-matrix theory to formulate scatter-
ing amplitudes for various reactions of interest to the hadron physics community and QCD
practitioners. JPAC members work in close collaboration with experimentalists on imple-
menting theoretical innovations into the existing data analysis streams, preserving knowl-
edge for future use and disseminating the methodology across various experiments.
Resonances are characterized by their mass and spin. Near the resonance mass a two-body
cross section vary as a function of the center of mass energy while angular variations of the
differential cross section reflect the resonance spin. Variations in the cross section, albeit
smooth, are a manifestation of a singularity in a partial wave amplitude, which is seen when
the amplitude is continued beyond the real energy axis and/or beyond the integer (or half-
integer) values of spin to complex domains of these variables. Resonance parameters are
therefore determined by analytical continuation of reaction amplitude models.
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Analytical behavior of reaction amplitudes as functions of Mandelstam variables follows
from principles of the S-matrix theory [3]. For example, the absence of singularities in the
complex energy plane, a.k.a., the physical sheet, follows from causality and crossing sym-
metry. On the physical sheet the only allowed singularities are bound state poles, e.g., the
nucleon pole, and cuts induced by opening of particle production thresholds. The latter lie on
the real axis and discontinuity of the amplitude across cuts is constrained by unitarity. Reso-
nance poles appear as singularities on complex planes (unphysical sheets) that are connected
to the physical sheet along these discontinuities. These unphysical sheets are connected in
such a way that the amplitudes change smoothly when passing from the physical to an un-
physical sheet. Therefore, a resonance pole located on an unphysical sheet close to the real
axis has a strong influence on the amplitude in the physical region of scattering.
S-matrix analyticity does not predict whether a resonance exists or it does not. It is the
underlying dynamics, i.e., QCD, that determines that. Given a model that specifies the num-
ber of expected resonances, S-matrix principles, however, enable to write amplitudes that
properly continue amplitudes from poles to the real axis where they can be compared with
experimental data. Resonances of different spins are not independent. This follows from
crossing relations and unitarity implying analyticity of partial waves in the complex angular
momentum plane [4]. This is the essence of the Regge theory [5]. Therefore, partial waves
should be analyzed simultaneously as function of mass and spin. This, however, is almost
never done. Typically mass dependent partial wave analyses deal with each partial wave in-
dependently. Without imposing relations between resonances of different spins, the various
methods for implementing resonances in a single partial wave are closely related. These
methods include, for example, the K-matrix parametrization [6], N/D parametrizations [7],
or solutions of Bethe-Salpeter motivated equations with contact interactions [8]. When ap-
propriate, all these parameterizations can be supplemented with additional constraints, e.g.,
from chiral symmetry at low-energies or Regge asymptotics. It is worth noting that the ex-
traction of resonance properties based on a first principle QCD analysis, i.e., using lattice
gauge techniques, requires the same amplitude parametrizations as data analysis [9].
2. Hyperons: Terra Incognita in the Baryon Landscape
Even though the spectrum of baryons has been investigated for several decades, only a hand-
ful of hyperon resonances has been well established [10]. One of the key aspects of confine-
ment is the (approximate) linearity of Regge trajectories. In the isoscalar sector [Λ, Fig. 1]
the leading natural parity, even (1/2+, 5/2+, . . . ) and odd (3/2−, 7/2−, . . . ) trajectories have
two well-established states each. If one assumes exchange degeneracy, then the four states
do appear to lie on a straight line. Unfortunately, only a few more Λ’s are reasonably well
established and the identification of other trajectories remains ambiguous. For example, it is
unclear whether the first excited 1/2+ state, the Λ(1600), belongs to the same trajectory as
the 5/2+ Λ(2110) resonance or to a different one. Similar ambiguity appears in the leading
unnatural parity (1/2−, 5/2−, . . . ) trajectory where, given that there is a strong indication
that what is known as the Λ(1405) could actually correspond to two resonances, it is unclear
which 1/2− pole should be connected with the 5/2− Λ(1830). Similar ambiguities exist in
the isovector sector [Σ, Fig. 1]. Except for the leading even natural parity trajectory, other
trajectories have, at best, one well-established resonance, thus their shape cannot be estab-
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lished. The 3/2− Σ(1940) should be the first resonance on the leading odd natural-parity
trajectory, however there is weak evidence of such a pole in mass dependent partial-wave
analysis of K¯N scattering. The situation with the Ξ and Ω baryons is even worse [10].
Figure 1: Chew–Frautschi plot for the Λ and Σ Regge trajectories. Black dots repre-
sent resonances with a four-star status in the Review of Particle Properties [10]. All
resonances are taken from JPAC analysis in [11]. Dashed lines are displayed to guide
the eye.
The most recent (and advanced) mass-dependent partial-wave analysis of the single-energy
partial waves of the KSU data analysis of K¯N scattering in the resonant region [12] was
performed by JPAC in [11]. The partial-wave model is based on a coupled-channel K-matrix
approach. It incorporates up to 13 channels per partial wave, analyticity, unitarity, and the
appropriate threshold (angular momentum barrier) factors for the partial waves. Here we
sketch the building blocks of the model. For further details, the analysis, the fitting, and the
obtained spectrum we refer the reader to [11].
The partial-wave expanded scattering matrix S` can be written in terms of the amplitude T`
as follows
S` = I+ 2iR`(s) = I+ 2i [C`(s)]1/2 T`(s) [C`(s)]1/2 , (1)
where I is the identity matrix and the diagonal matrix
C`(s) =
qk(s)
q0
[
r2q2k(s)
1 + r2q2k(s)
]`
(2)
takes into account the phase space. We define qk(s) =
√
(mamb)(s− sk)/(ma+mb), where
ma andmb are the masses of the outgoing particles, sk is the threshold center-of-mass energy
squared of channel k, and q0 = 2 GeV and r = 1 fm are normalization factors.
We employ the K matrix approach to guarantee unitarity through
T`(s) =
[
K(s)−1 − iρ(s, `) ]−1 , (3)
where ρ(s, `) is obtained from C`(s) by means of a dispersive integral
iρ(s, `) =
s− sk
pi
∫ ∞
sk
C`(s
′)
s′ − s
ds′
s′ − sk . (4)
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In this way, T`(s) can be analytically continued to both s and ` complex planes. To build the
K(s) matrix in equation (3) we add up to six K matrices
[K(s)]kj =
∑
a
xak Ka(s) x
a
j . (5)
Each Ka(s) matrix can either represent a pole,
[KP (s)]kj = x
P
k
MP
M2P − s
xPj , (6)
or a background term,
[KB(s)]kj = x
B
k
MB
M2B + s
xBj . (7)
The relative contribution of pole vs. background terms depends on the individual partial
wave. The parameters MP , xPk , MB and x
B
k are fixed by fitting the single-energy partial
waves from the KSU analysis [12] using MINUIT [13] and a genetic algorithm [14]. Once
these parameters have been fitted to the data we can analytically continue the amplitudes to
the unphysical Riemann sheets and search for poles (hyperon resonances). In Fig. 1 we show
the Chew-Frautschi [15] plot of the obtained hyperon resonances.
The codes to compute the partial waves and the observables (cross sections and asymmetries)
can be downloaded from or run online on the JPAC web page [2, 16].
3. On the Nature of the Λ(1405)
The nature of Λ(1405) hyperon resonance has been an open question for more than half
a century [17]. The interest in this state has been renewed recently because of the new
precision data from CLAS that enabled to resolve its spin and parity and confirm the JP =
1/2− assignment [18]. There have also been new developments in chiral unitary models [19–
21], large Nc QCD calculations [22], lattice QCD [23, 24], quark-diquark models [25, 26],
and Regge phenomenology [27].
Chiral unitary models applied to K¯N scattering and piΣK+ photoproduction have been able
to establish that the Λ(1405) is not a single state but it corresponds to two resonances [19–
21,28] located at 1429+8−7− i 12+2−3 MeV and at 1325+15−15− i 90+12−18 MeV [20]. In these papers
the Λ(1405) poles are interpreted as of molecular nature. However, the poles are generated
by effective interactions and there is no reference to the fundamental, i.e., QCD, composition
of the resonances. Hence, the answer to the question of the nature of the poles remains open.
Especially if we consider that large Nc QCD calculations of the baryon spectrum indicate
that a (mostly) three-quark state should appear in the Λ(1405) region [22]. Furthermore,
recent quark-diquark models obtain a state in the Λ(1405) region at 1431 MeV in [25] and
at 1406 MeV in [26].
Regarding lattice QCD, the available simulations lead to inconclusive results. In [23] Λ(1405)
appears to be a three-quark state while in [24] it seems to be more like a K¯N molecule. How-
ever, it has to be taken into account that the resonant nature of the Λ(1405) has been ignored
in these calculations [29].
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In [27], we use Regge phenomenology and connect the Λ(1405) to the rest of the hyperon
spectrum. In Fig. 2 we show the leading Regge trajectories for Λ and Σ hyperons. It is
apparent how one of the Λ(1405) poles (1429+8−7−i12+2−3 MeV) fits within the leading natural-
parity Λ Regge trajectory while the other (1325+15−15−i90+12−18 MeV) does not. The presence of
a new narrow-width 3/2+ state in the leading natural-parity Λ Regge trajectory is essential
to reach this conclusion. The first evidence of such state was provided in [30] and latter
confirmed by JPAC analysis [11].
Figure 2: Leading Regge trajectories for the Λ resonances. Dashed lines are displayed
to guide the eye.
In [27], we confirm what is apparent from inspecting Fig. 2 through extensive numerical
calculations by performing fits to various physically motivated parametrizations of the Regge
trajectories. We used Σ Regge trajectories and the natural-parity Λ trajectory to benchmark
our approach. This analysis lead to the conclusion that the higher-mass pole belongs to the
leading Regge trajectory and is compatible with a three-quark structure, while the lower-
mass one does not belong either to the leading or to a nearby daughter Regge trajectory.
4. Conclusions
JPAC encourages close collaboration between experimentalists and theorists on implement-
ing theoretical innovations into the existing data analysis stream to order to obtain robust
information on the hadron spectrum and hadron structure.
Recently we have developed in [11] a K¯N model in the resonance region guided by S-matrix
unitarity and analyticity (both in the s and the ` complex planes). We have obtained the most
comprehensive picture of the Λ and Σ spectra to the date. Both spectra show a remarkable
alignment of hyperons in Regge trajectories. The codes to compute the partial waves and the
observables (cross sections and asymmetries) can be run online and downloaded from [2].
Regge phenomenology seems to indicate that the higher-mass Λ(1405) pole belongs to the
leading Regge trajectory and that it is compatible with a (mostly) three-quark structure, while
the lower-mass one is either a molecule or a pentaquark. If confirmed, by for example
new data with KL beams, this finding becomes of prominent importance in identifying a
two-component hybrid resonance. It also sheds a valuable light on the success/failure of
approaches based on K¯N , three-quark, or five-quark states embodying genuine intrinsic light
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quark-antiquark pairs. The work presented in [27] gives a new direction for investigation of
the origin of poles associated with the Λ(1405) that can also be extended to other sectors of
the baryon spectrum.
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Abstract
Hyperons with strangeness −2 and −3 provide a useful tool to investigate the structure
of baryons and the underlying dynamics. They are expected to give information which is
hard to be seen in nonstrange or strangeness −1 baryons. In this presentation, we analyze
the spectrum of Ξ resonances in various models and make comments on the problems and
puzzles. In particular, the hyperon spectrum in the bound state approach of the Skyrme model
is discussed to identify the analog states of Λ(1405) in strangeness −2 and −3 sector. In
addition, sum rules in hyperons masses and magnetic moments are presented, which can be
used to predict unmeasured masses and magnetic moments of hyperons. The planned Kaon
beam facility will have a crucial role to resolve these issues and open a new way to understand
baryon structure.
1. Introduction
Understanding the structure of baryons is essential to investigate strong interactions. In
particular, establishing baryon spectrum requires rigorous studies both in theoretical and ex-
perimental investigations and identifying quantum numbers and various physical quantities
of baryons is crucial to resolve questions and puzzles in baryon structure and strong in-
teractions. In theoretical side, there many phenomenological models have been developed
to explain the observed baryon spectrum and to predict unobserved states. Since Quan-
tum Chromodynamics, the underlying theory of strong interactions, cannot be directly used
to explain baryon spectrum, those models inevitably introduce several model parameters.
These parameters are fitted to observed physical properties of baryons and then the model
can be used to make predictions. Since such parameters are mostly determined in the non-
strange baryon sector or strangeness −1 sector, there is little, if any, freedom to introduce
more parameters in the multi-strangeness sector. In this respect, the importance of studying
multistrangeness sector cannot be overemphasized as it can provide a very useful tool to test
various models.
In spite of the early efforts for studying Ξ and Ω spectra, our understanding on the multi-
strangeness sector is still far from complete and opens many questions. As mentioned by the
Particle Data Group, there are several serious difficulties in studying Ξ and Ω resonances ex-
perimentally. First of all, the cross sections of producing multistrangeness from nonstrange
initial state are very small and precise studies on the spectrum and properties of Ξ and Ω
hyperons are extremely difficult. An example can be found in the case of the Ω− hyperon
that has strangeness −3. Although the ground state of Ω− baryon was discovered at BNL
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in mid 60s [1], which confirmed the prediction of Gell-Mann [2], it took about 40 years to
confirm that it has spin-3/2 [3]. Furthermore, the parity of the ground state of Ξ hyperon
has not been measured [4]. The lack of Kaon beam facility, therefore, lead to the conclu-
sion that any new significant information on the multi-strangeness baryons has not been
accumulated during the last two decades [4]. Nevertheless, the continuous efforts to study
multistrangeness system cause, albeit slow, progress in our knowledge in this system. This
includes the measurement of the magnetic moment of Ω−(1672) [5], experimental studies on
Ξ resonances [6], measuring weak decays of Ξ0 hyperon [7, 8], and the production of Ξ res-
onances in relativistic heavy-ion collisions [9]. In addition, BABAR Collaboration claimed
that the spin-parity quantum number of the Ξ(1690) would be 1
2
− [10].
Recently interests in multistrangeness systems are renewed by the advent of new facilities.
Indeed, the cascade physics program of the CLAS Collaboration at the Thomas Jefferson
National Accelerator Facility (JLab) has been launched and some preliminary results were
already reported [11–14]. This activity continues to initiate a Ξ spectroscopy program using
photoproduction reactions at the upgraded 12-GeV machine, which also includes a plan to
measure exclusive Ω photoproduction [15]. J-PARC has a Kaon beam facility and is going
to study the Ξ baryons via the K¯N scattering although the energy is not large enough to
produce most Ξ resonances. It also plans to study the piN reaction to produce Ξ and Ω
hyperons. These reactions can also be used to identify the spin-parity quantum numbers of
produced hyperons [16–18]. The plan for having a KL beam at JLab will be complementary
to J-PARC facility and unique place to produce Ξ and Ω resonances by offering higher energy
Kaon beams.
Table 1 lists the multistrangeness baryons compiled in the review of the Particle Data Group
(PDG) [4], which includes eleven Ξ baryons and four Ω baryons. Among them only the
ground states, Ξ(1318), Ξ(1530), and Ω(1672), have four-star ratings with definite spin-
parity, and there are four Ξ baryons and one Ω baryon with three-star ratings. Among the
three-star-rated baryons, the Ξ(1820) is the only state whose spin-parity quantum numbers
are reported.
In this presentation, we discuss the predictions of various models on hyperon spectrum.
We will see that these predictions are not consistent with experimental observations and are
even contradictory to each other. This shows the importance of high-quality and high-energy
Kaon beam facilities to understand the underlying dynamics of hyperon structure.
2. Model Dependence of Hyperon Spectrum
There have been various theoretical studies on the excited states of multi-strangeness baryons
based on phenomenological models. Although those models could reproduce the masses of
the ground states of octet and decuplet, it is mainly due to the SU(3) group structure. Because
of this, most models have the same mass sum rules for the ground state baryons. However
they have very different and even contradictory predictions on the spectrum of excited states,
in particular, for multistrangeness baryons. The most evident example is the third state of Ξ
baryons as will be explained below. (See also Ref. [19].)
The most straightforward application of the SU(3) group structure is finding the SU(3) mul-
tiplets and their members. Early efforts in this direction were summarized, for example,
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Table 1: Ξ and Ω baryons compiled by the Particle Data Group [4].
Particle I(JP ) rating Particle I(JP ) rating
Ξ(1318) 1
2
(1
2
+
) **** Ω(1672) 0(3
2
+
) ****
Ξ(1530) 1
2
(3
2
+
) **** Ω(2250) 0(??) ***
Ξ(1620) 1
2
(??) * Ω(2380) ?(??) **
Ξ(1690) 1
2
(1
2
−
?) *** Ω(2470) ?(??) **
Ξ(1820) 1
2
(3
2
−
) ***
Ξ(1950) 1
2
(??) ***
Ξ(2030) 1
2
(≥ 5
2
?
) ***
Ξ(2120) 1
2
(??) *
Ξ(2250) 1
2
(??) **
Ξ(2370) 1
2
(??) **
Ξ(2500) 1
2
(??) *
in Refs. [20–22]. However, such approaches ignore the dynamics of the constituents of
baryons. A more detailed study on the excited states of Ξ and Ω baryons was done by Chao,
Isgur, and Karl [23] employing a non-relativistic quark model as the quark dynamics. In this
model, the Ξ(1820)3
2
− is well explained and the third lowest state following Ξ(1318) and
Ξ(1530) is predicted to be at a mass of 1695 MeV having JP = 1
2
+. Although this model
predicts the almost correct mass for Ξ(1690), its prediction on the spin-parity quantum num-
bers is not consistent with the experimental observation of Ref. [10].
The relativized quark model of Capstick and Isgur, however, gives a very different predic-
tions on Ξ resonances [24]. In this model, the first excited state of Ξ(1
2
+
) has a higher mass
of around 1840 MeV. Furthermore, the third lowest Ξ state would have a mass of 1755 MeV
with JP = 1
2
−. Although the spin-parity quantum numbers are consistent with Ξ(1690), its
mass is much larger than the mass of Ξ(1690). This pattern is also confirmed by a more
recent relativistic quark model of Ref. [25].
In the one-boson exchange model, Glozman and Riska predicted that the third lowest state
would have odd parity at a mass of 1758 MeV with J = 1/2 or 3/2 [26]. This mass is in
the middle of the masses of Ξ(1820) and Ξ(1690). As a result, this model overestimates the
mass of Ξ(1690) and underestimates that of Ξ(1820) [27, 28].
One may construct a mass operator based on large Nc approximation of QCD, where Nc
is the number of colors. Then the coefficients of the mass operator can be fitted by some
known masses and then it can predict the masses of other baryons. The results can be found
in Refs. [29–33], where a quite different Ξ spectrum can be found. In this approach, the
third lowest state would have JP = 1
2
− at a mass of 1780 MeV. Therefore, this model gives
a prediction on the third lowest Ξ resonance mass similar to that of relativistic quark models.
(See Ref. [34] for a connection between the quark models and the large Nc expansion.)
In the algebraic model of Bijker et al. [35], the third lowest state has JP = 1
2
+ at a mass
around 1730 MeV. Thus it is not consistent with the BABAR result. This model predicts two
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Table 2: Low-lying Ξ and Ω baryon spectrum of spin 1/2 and 3/2 predicted
by the non-relativistic quark model of Chao et al. [23] (CIK), relativized quark
model of Capstick and Isgur [24] (CI), Glozman-Riska model [26] (GR), large
Nc analysis [29–33], algebraic model [35] (BIL), and QCD sum rules [36, 37]
(SR). The recent quark model prediction [25] (QM), and the Skyrme model
results [19] (SK) are given as well. The mass is given in the unit of MeV.
State CIK CI GR Large-Nc BIL SR QM SK
Ξ(1
2
+
) 1325 1305 1320 1334 1320 (1320) 1325 1318
1695 1840 1798 1825 1727 1891 1932
1950 2040 1947 1839 1932 2014
Ξ(3
2
+
) 1530 1505 1516 1524 1520 1539
1930 2045 1886 1854 1878 1934 2120
1965 2065 1947 1859 1979 2020
Ξ(1
2
−
) 1785 1755 1758 1780 1869 1550 (1630) 1725 1614
1890 1810 1849 1922 1932 1811 1660
1925 1835 1889 1927 2076
Ξ(3
2
−
) 1800 1785 1758 1815 1828 1840 1759 1820
1910 1880 1849 1973 1869 1826
1970 1895 1889 1980 1932
Ω(1
2
+
) 2190 2220 2068 2408 2085 2175 2140
2210 2255 2166 2219 2191
Ω(3
2
+
) 1675 1635 1651 1670 1656 1694
2065 2165 2020 1922 1998 2170 2282
2215 2280 2068 2120 2219 2182
Ω(1
2
−
) 2020 1950 1991 2061 1989 1923 1837
Ω(3
2
−
) 2020 2000 1991 2100 1989 1953 1978
Ξ(3
2
−
) states which lie close to the observed Ξ(1820). As a result, it predicts richer hyperon
spectrum than quark models and, in particular, it makes very different predictions for the
JP = 1
2
− states.
The QCD sum rule approaches were also used to identify the lowest states of each spin-
parity quantum numbers [36, 37]. All results are summarized in Table 2 for low-lying Ξ and
Ω resonances. It shows that the predictions on Ξ and Ω spectrum are highly model-dependent
and having precise information on these resonances is crucial to distinguish the underlying
dynamics and baryon structure.
3. The Skyrme Model
As can be seen in Table 2, the quark models have a difficulty in explaining the mass and spin-
parity quantum numbers of Ξ(1690). Furthermore, the presence of Ξ(1620), if confirmed,
raises a serious question on the prediction of quark models. This is very similar to the puzzle
of Λ(1405), where the low mass of the Λ(1405) hyperon makes it hard to be described as a
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P -wave three-quark state [38, 39]. Instead, interpreting the Λ(1405) as a K¯N bound state
has been successful to understand its physical properties [40–42]. It is then natural to search
for other hyperons that have similar structure as the Λ(1405) and we claim that Ξ(1620)
and Ξ(1690) are such states through investigating the hyperon spectrum in the bound state
approach in the Skyrme model.
In the bound state approach to the Skyrme model [43], hyperons are described as bound
states of the SU(2) soliton and the Kaon. (The K∗ vector meson can also be included.) The
underlying dynamics between the soliton and Kaon is described by a chiral Lagrangian of
mesons. As shown in Ref. [43], the Wess-Zumino term in an SU(3) chiral Lagrangian has a
very crucial role in hyperon spectrum by pushing up the S = +1 state while pulling down
the S = −1 state. As a result, the S = +1 pentaquark Θ+ cannot be a bound state, and
the bound states of S = −1 orrespond to the normal hyperons. Furthermore, this model
renders two bound states, a positive parity state in P -wave and a negative parity state in S-
wave. The P -wave state is strongly bound and, when quantized, it gives the ground states of
hyperons with jP = 1/2+ and 3/2+. On the other hand, the S-wave state is an excited state
and, when quantized, it corresponds to the Λ(1405) with jP = 1/2−. Therefore, this model
gives a natural way to describe both the Λ(1116, 1/2+) and the Λ(1405, 1/2−) on the same
footing [44].
In this model, the mass of a hyperon with isospin i and spin j is written as [19]
M(i, j, jm)Msol + n1ω1 + n2ω2
+
1
2I
{
i(i+ 1) + c1c2jm(jm + 1) + (c¯1 − c1c2)j1(j1 + 1) + (c¯2 − c1c2)j2(j2 + 1)
+
c1 + c2
2
[j(j + 1)− jm(jm + 1)− i(i+ 1)] +
c1 − c2
2
~R · ( ~J1 − ~J2)
}
, (1)
where ~J1 and ~J2 are the grand spins of the P -wave and S-wave Kaon, respectively, and
~Jm = ~J1 + ~J2. The total spin of the system is then given by ~J = ~Jsol + ~Jm, where ~Jsol is the
soliton spin. The number and energy of the bound Kaons are ni and ωi, respectively, and ci
are the hyperfine splitting constants of the bound states. We refer the details to Ref. [19], but
we emphasize that this mass formula has three parts in large Nc expansion. First, the soliton
mass Msol is of O(Nc) and the energies of the bound Kaons are of O(N0c ). The hyperfine
term, which contains 1/2I with I being the moment of inertia, is of O(1/Nc). This shows
that the mass splitting between the Λ(1405) and the Λ(1116) mainly comes from the energy
difference between the P -wave Kaon and the S-wave Kaon. In fact, its empirical value
is about 300 MeV and this pattern repeats in the Ξ baryon spectrum and in the Ω baryon
spectrum.
In principle, the mass parameters in Eq. (1) can be calculated for a given dynamics of the
meson-soliton system, for example, by extending the work of Refs. [45, 46]. However, this
is a highly nontrivial and complicated calculation. Therefore, instead of calculating the mass
parameters, we fit them to some known hyperon masses and predict the masses of other
hyperons. The obtained results are illustrated in Table 3.
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Table 3: Mass spectrum of the Skyrme model. The underlined values are used
to determine the mass parameters. The values within the parenthesis are ob-
tained by considering the mixing effect [19]. The question marks after the
particle name mean that the spin-parity quantum numbers are not identified
yet.
Particle Name Mass (MeV) Assigned State
N 939
∆ 1232
Λ1/2+,0 1116 Λ(1116)
Λ1/2−,1 1405 Λ(1405)
Σ1/2+,0 1164 Σ(1193)
Σ3/2+,0 1385 Σ(1385)
Σ1/2−,1 1475 Σ(1480)?
Σ3/2−,1 1663 Σ(1670)
Ξ1/2+,0 1318 Ξ(1318)
Ξ3/2+,0 1539 Ξ(1530)
Ξ1/2−,1 1658(1660)
∗ Ξ(1690)?
Ξ1/2−,2 1616(1614)
∗ Ξ(1620)?
Ξ3/2−,1 1820 Ξ(1820)
Ξ1/2+,1 1932 Ξ(1950)?
Ξ3/2+,1 2120 Ξ(2120)?
Ω3/2+,0 1694 Ω(1672)
Ω1/2−,1 1837
Ω3/2−,1 1978
Ω1/2+,1 2140
Ω3/2+,1 2282 Ω(2250)?
Ω3/2−,2 2604
In this model, the parity of a hyperon changes if the P -wave Kaon is replaced by the S-wave
state. Since the energy difference between the two Kaons is about 300 MeV, there always
exist pairs of hyperons of having same spin and the opposite parity with a mass difference of
about 300 MeV. Since the mass of the ground state of the Ξ(1/2+) is 1318 MeV, a Ξ(1/2−)
state is expected at a mass of about 1620 MeV. Furthermore, this model requires two Ξ states
of this mass scale. This is because the two Kaons, one in P -wave and one in S-wave, can
make either jm = 0 or jm = 1 states. Considering the soliton spin jsol = 1/2, these states
can give two j = 1/2 states and one j = 3/2 state. This explains naturally the existence of
two Ξ baryons with jP = 1/2− at similar masses, namely, the one-star rated Ξ(1620) and the
three-star rated Ξ(1690). However, since the observation of the Ξ(1620) at early 1980s [47],
there is no other experimental confirmation of this state. Therefore, it is strongly required to
resolve this issue urgently at current experimental facilities.
This analysis reveals that the Ξ(1620) and the Ξ(1690) are analogue states of the Λ(1405).
In addition, by replacing two P -wave Kaons in the Ξ(1382) and in the Ξ(1530), we predict
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that the Ξ(1950) has jP = 1/2+ and the Ξ(2120) has jP = 3/2+. Their spin-parity quantum
numbers are not known yet and should be identified by future experiments.
Comparing the predictions presented in Tables 2 and 3 shows that the predictions on the
Ω hyperon spectrum are drastically different from the quark model predictions. In quark
models, the second lowest Ω hyperon has a mass of around 2 GeV, while the second state
has a mass of around 1840 MeV with jP = 1/2−. Again, this low mass of the Ω excited
state can hardly be explained by quark models. Thus, it is very interesting and crucial to see
whether such low mass Ω hyperon really exists. Furthermore, most quark models predict
that the lowest Ω baryon with jP = 1/2− is degenerate or almost degenerate in mass with
the lowest Ω baryon with jP = 3/2−, which is in contradiction to our predictions. These
inconsistency with quark model predictions can be tested by future experiments.
If we extend our model to heavy quark baryons with a charm or a bottom quark [48], we can
also find a similar pattern in heavy baryon spectra. In Ref. [49], the binding energies of the
soliton–heavy-meson system were calculated in the rest frame of the heavy meson, which
shows that the energy difference between the positive parity state and the negative parity
state is again close to 300 MeV, which can explain the observed masses of Λc(2286) of
jP = 1/2+ and the Λc(2595) of jP = 1/2−. In quark models, the mass difference between
the two states are estimated to be 250 ∼ 350 MeV depending on the details of the quark
dynamics [24,50]. Therefore, more detailed studies are needed to clarify the structure of the
Λc(2595).
4. Mass and Magnetic Moment Sum Rules
The mass formula of Eq. (1) can be used to derive mass sum rules. Since it contains the
second order of strangeness, it satisfies the modified Gell-Mann–Okubo mass relation and
the modified decuplet equal spacing rule [51],
3Λ + Σ− 2(N + Ξ) = Σ∗ −∆− (Ω− Ξ∗),
(Ω− Ξ∗)− (Ξ∗ − Σ∗) = (Ξ∗ − Σ∗)− (Σ∗ −∆), (2)
where the symbols denote the masses of the corresponding octet and decuplet ground states.
On the other hand, the hyperfine relation holds even with the second order of strangeness,
and, therefore, the mass formula of Eq. (1) satisfies
Σ∗ − Σ + 3
2
(Σ− Λ) = ∆−N. (3)
Since the mass relations (2) and (3) are obtained for the hyperons with the P -wave Kaons, the
same relations should be true for the hyperons containing the S-wave Kaons only. Therefore,
those relations are expected to be valid by replacing Λ, Σ, Σ∗, Ξ, Ξ∗, and Ω by Λ1/2−,1,
Σ1/2−,1, Σ3/2−,1, Ξ1/2+,1, Ξ3/2+,1, and Ω3/2−,2, respectively. Note that those mass sum rules
relate the mixed parity states of hyperons, i.e., odd-parity Λ and Σ, even-parity Ξ, and odd-
parity Ω, and, therefore, should be distinguished by the quark model predictions.
We also derive a mass sum rule of
Ω3/2+,1 − Ω3/2−,1 = Ω1/2+,1 − Ω1/2−,1 (4)
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for Ω resonances.
This reveals the character of the bound state model, namely, the mass differences between
the baryons of the same spin but of opposite parity, which we call “parity partners", are the
same. Although the mass splitting of other parity partner hyperons are not exactly equal to
the above formula, we observe that their mass differences are always close to ∼ 290 MeV
and this pattern can be actually observed in some experimental data.
The magnetic moment operator in this approach can be written as [52]
µˆ = µˆs + µˆv, (5)
where
µˆs = µs,0R
z + µs,1J
z
1 + µs,2J
z
2 ,
µˆv = −2(µv,0 + µv,1n1 + µv,2n2)D33, (6)
with D33 = −IzRz/I2. Here, µs,0 and µv,0 are the magnetic moment parameters of the
SU(2) sector while µs,1 and µv,1 (µs,2 and µv,2) are the parameters for the P -wave (S-wave)
Kaon.
Instead of making predictions for the magnetic moment of each hyperon, we develop sum
rules for magnetic moments. For the ground state baryons, we have the well-known results,
µ(Σ∗+)− µ(Σ∗−) = 3
2
{
µ(Σ+)− µ(Σ−)} ,
µ(Σ+) + µ(Σ−) =
4
3
{µ(p) + µ(n)} − 2
3
µ(Λ),
µ(Σ∗+) + µ(Σ∗−) = 2 {µ(p) + µ(n)}+ 2µ(Λ),
µ(Ξ0) + µ(Ξ−) = −1
3
{µ(p) + µ(n)}+ 8
3
µ(Λ),
µ(Ξ∗0) + µ(Ξ∗−) = µ(p) + µ(n) + 4µ(Λ),
µ(Ξ∗0)− µ(Ξ∗−) = −3{µ(Ξ0)− µ(Ξ−)} ,
µ(Ω) = 3µ(Λ) (7)
for the octet and decuplet ground state baryons. It should also be mentioned that these
relations are valid by replacing Σ, Σ∗, Ξ, Ξ∗, Ω by Σ1/2−,1, Σ3/2−,1, Ξ1/2+,1, Ξ3/2+,1, Ω3/2−,2,
respectively.
Other interesting sum rules include
µ(Ξ03/2−,1)− µ(Λ1/2−,1)−
1
2
{
µ(Σ+1/2−,1)− µ(Σ−1/2−,1)
}
= µ(Ξ03/2+,0)− µ(Λ1/2+,0)−
1
2
{
µ(Σ+1/2+,0)− µ(Σ−1/2+,0)
}
, (8)
µ(Ξ−3/2−,1)− µ(Λ1/2−,1) +
1
2
{
µ(Σ+1/2−,1)− µ(Σ−1/2−,1)
}
= µ(Ξ−3/2+,0)− µ(Λ1/2+,0) +
1
2
{
µ(Σ+1/2+,0)− µ(Σ−1/2+,0)
}
, (9)
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µ(Ξ01/2−,1) + 3µ(Ξ
0
1/2−,2) = µ(Ξ
−
1/2−,1) + 3µ(Ξ
−
1/2−,2)
= 2
{
µ(Λ1/2+,0) + µ(Λ1/2−,1)
}
, (10)
and
µ(Ω1/2−,1) =
4
3
µ(Λ1116)− 1
3
µ(Λ1405),
µ(Ω3/2−,1) = 2µ(Λ1116) + µ(Λ1405),
µ(Ω1/2+,1) = −1
3
µ(Λ1116) +
4
3
µ(Λ1405),
µ(Ω3/2+,1) =
1
3
µ(Λ1116) + 2µ(Λ1405). (11)
These sum rules relate the magnetic moments of positive and negative parity hyperons.
5. Summary
The predictions on multistrangeness baryon spectrum are highly model-dependent and new
precise experimental data are strongly called for to distinguish the models on baryon struc-
ture. This shows that multistrangeness baryons provide a unique tool for investigating the
underlying dynamics and the role of strange quarks. One issue is the low masses of the
Ξ(1620) and the Ξ(1690), which are hard to be explained by quark models but are regarded
as the analogous states of the Λ(1405) in the Skyrme model. This model also leads to mass
sum rules and magnetic moment sum rules which can distinguish the model from quark
model predictions. Therefore, the suggested KL beam facility will shed light on our under-
standing of strong interactions through the excited states of Ξ and Ω baryons.
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2.14 Hyperon Resonance Studies from Charm Baryon Decays at BaBar
Veronique Ziegler
Thomas Jefferson National Accelerator Facility
Newport News, VA 23606, U.S.A.
Abstract
We present studies of hyperon and hyperon resonance production in charm baryon decays
at BaBar. The helicity formalism employed to measure the spin of Ω− was extended to three-
body final states whereby the properties of the Ξ(1690)0 and Ξ(1690)0 produced in Λ+c decay
where obtained.
1. Introduction
The data samples used for the analyses described in this note were collected with the BaBar
detector at the PEP-II asymmetric-energy e+e− collider. In these studies, the charm baryons
are inclusively produced in e+e− collisions at center-of-mass energies 10.58 and 10.54 GeV.
The BaBar detector and reconstruction software are described elsewhere [1].
2. General Procedure for Charm Baryon Selection
The selection of charm baryon candidates requires the sequential reconstruction of initial and
intermediate state candidates using four-momentum addition of tracks. Particle identification
selectors based on specific energy loss (dE/dx) and Cherenkov angle measurements have
been used to identify proton, pion and kaon final tracks. Each intermediate state candidate
is required to have its invariant mass within ±3σ of the fitted peak position of the relevant
distribution, where σ is the mass resolution. In all cases, the fitted peak mass is consistent
with the expected value, and the intermediate state invariant mass is then constrained to
this value. Due to the fact that each weakly-decaying intermediate state (i.e., the KS and
hyperons) is long-lived, the signal-to-background ratio is improved by imposing a vertex
displacement criterion (in the direction of the momentum vector). In order to further enhance
signal-to-background ratio, a selection criterion is imposed on the center-of-mass momentum
p∗ of the parent charm baryon. The use of charge conjugate states is implied throughout in
this note.
3. Formalism
Measurements of the Ω− spin are obtained using a primary sample obtained from the decay
sequence Ξ0c → Ω−K+, with Ω− → ΛK− [2]. It is assumed that each charm baryon type
has spin 1/2 and, as a result of its inclusive production, that it is described by a diagonal spin
projection density matrix. The analysis does not require that the diagonal matrix elements
be equal.
By choosing the quantization axis along the direction of the Ω− in the charm baryon rest-
frame, the Ω− inherits the spin projection of the charm baryon [2]. It follows that, regardless
of the spin J of the Ω−, the density matrix describing the Ω− sample is diagonal, with non-
zero values only for the±1/2 spin projection elements, i.e., the helicity λi of the Ω− can take
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only the values±1/2. Since the final state Λ andK− have spin values 1/2 and 0, respectively,
the net final state helicity λf also can take only the values ±1/2.
Defining the helicity angle θh as the angle between the direction of the Λ in the rest-frame of
the Ω− and the quantization axis, the probability for the Λ to be produced with Euler angles
(φ, θh, 0) with respect to the quantization axis is given by the square of the amplitude ψ,
characterizing the decay of an Ω− with spin J and helicity λi to a 2-body system with net
helicity λf , where ψ = AJλfD
J ∗
λiλf
(φ, θh, 0), and the transition matrix element AJλf represents
the coupling of the Ω− to the final state. The angular distribution of the Λ is then given by
I ∝
∑
λi,λf
ρi i
∣∣∣AJλfDJ ∗λiλf (φ, θh, 0)∣∣∣2 , (1)
where the ρi i (i = ±1/2) are the diagonal density matrix elements inherited from the charm
baryon, and the sum is over all initial and final helicity states.
The Λ angular distribution integrated over φ is then obtained for spin hypotheses JΩ = 1/2,
3/2, and 5/2, respectively as follows:
dN/dcosθh ∝ 1 + β cosθh , (2)
dN/dcosθh ∝ 1 + 3 cos2θh + β cosθh(5− 9 cos2θh), (3)
dN/dcosθh ∝ 1− 2 cos2θh + 5 cos4θh
+β cosθh(5− 26 cos2θh + 25 cos4θh), (4)
where the coefficient of the asymmetric term, β [2], may be non-zero as a consequence of
parity violation in charm baryon and Ω− weak decay.
The angular distributions of the decay products of the Ω− baryon resulting from a spin 1/2
charm baryon decay are well-described by a function ∝ 1 + 3 cos2θh . These observations
are consistent with spin assignments 3/2 for the Ω−. Values of 1/2 and greater than 3/2 for
the spin of the Ω− yield C.L. values significantly less than 1% when spin 1/2 is assumed for
the parent charm baryon.
(a) The Use of Legendre Polynomial Moments in Spin Determination
For spin J , the corrected angular distributions can be written
dN
dcosθh
= N
[
lmax∑
l=0
〈Pl〉Pl (cosθh)
]
,
where Pl (cosθh) are normalized Legendre Polynomial functions such that lmax = 2J−
1, and if l is odd 〈Pl〉 = 0. Each assumed J defines lmax, so that 〈Pl〉 = 0 for l > lmax
and 〈Pl〉 is calculable. The number of Ω− signal events in a given mass bin is obtained
by giving each event, j, in that bin, a weight wj =
Plmax (cosθhj )
〈Plmax 〉 .
In particular, for J = 3/2, giving each event a weight wj =
√
10P2(cosθhj ) projects
the complete Ω− signal. In order to test the J = 5/2 hypothesis, each event is given a
weight wj = 7√2P4(cosθhj ).
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As expected, the
√
10P2(cosθh) moment projects out the signal of a spin 3/2 hyperon,
whereas the 7/
√
2P4(cosθh) moment does not. These moments are used in the analysis
of the Ξ(1690) and Ξ(1530) resonances described in the next section.
4. Study of Cascade Resonances Using Three-body Charm Baryon Decays
Although considerable advances have been made in baryon spectroscopy over the past decade,
there has been very little improvement in our knowledge of hyperon resonances since 1988.
The Ξ(1690) has been observed in the ΛK¯, ΣK¯ and Ξpi final states with various degrees of
certainty.
(a) The Ξ(1530)0 from Λ+c → Ξ−pi+K+ Decay
The properties of the Xi(1530) resonance are investigated in the Λ+c → Ξ−pi+K+ decay
process [3]. The Dalitz plot for Λ+c → Ξ−pi+K+ is dominated by the contribution from
Λ+c → Ξ(1530)0K+, where Ξ(1530)0 → Ξ−pi+ by strong decay. The Dalitz plot
(Fig. 1) shows evidence for only one resonant structure. A clear band can be seen at
the nominal mass squared of the Ξ(1530)0 → Ξ−pi+. The analysis of the Legendre
polynomial moments of the Ξ(1530)0 → Ξ−pi+ system established quite clearly, on
the basis of Figs. 2(b) and 2(c), that the Ξ(1530)0 hyperon resonance has spin 3/2. In
conjunction with previous analyses [4] this also definitively establishes positive parity.
However, comparison of the P2(cosθΞ) moment to the Ξ−pi+ mass distribution and fits
to the angular decay distribution in the Ξ(1530)0 region indicate that it is necessary to
include other Ξ−pi+ amplitudes in order to obtain a complete description of the data.
In particular, the observation of a P1(cosθΞ) moment exhibiting oscillatory behavior
in the Ξ(1530)0 region indicates the need for an S1/2 amplitude, while providing first
evidence for the expected rapid BW phase motion of the P3/2 Ξ(1530)0 amplitude.
However, a simple model incorporating only these amplitudes and a D5/2 amplitude is
ruled out because of the failure to describe the Ξ(1530)0 line shape. The presence of the
S1/2 amplitude at high mass and the behavior of the mass distribution near 1.7 GeV/c2
suggest that a resonant Ξ(1690)0 amplitude may be adding coherently to this amplitude,
thus leading to the inference of spin-parity 1/2− for the Ξ(1690)0. It appears that a
quantitative description of the Ξ(1530)0 line shape, and indeed of the entire Dalitz plot,
must incorporate these features together with amplitude contributions associated with
the K+pi+ and/or the Ξ−K+ systems. However such an analysis requires a higher
statistics data sample.
(b) The Ξ(1690)0 from Λ+c → (ΛK¯0)K+ Decay
The Ξ(1690)0 is observed in the ΛK¯0 system produced in the decay Λ+c → (ΛK¯0)K+,
where the K¯0 is reconstructed via KS → pi+pi−.
The selection of Λ+c candidates requires the intermediate reconstruction of oppositely-
charged track pairs consistent with Λ→ p pi− and KS → pi+ pi− decays. A clear peak,
significant skewed toward high mass, is seen in the vicinity of the Ξ(1690)0.
The second and fourth order Legendre polynomial moments as a function of the mass of
the (ΛKS) system display no peaking structure at the position of the Ξ(1690)0, which
suggests that the Ξ(1690)0 spin is probably 1/2. However, the Λ helicity cosine (cosθΛ)
distribution is not flat in contrast to the expectation for a spin 1/2 to 1/2 transition.
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Figure 1: The Dalitz plot for Λ+c → Ξ−pi−K+ corresponding to the Λ+c signal
region.
The Dalitz plot of Λ+c → ΛK¯0K+ signal candidates is shown, without efficiency-
correction, in Fig. 3(a). A clear band is observed in the mass-squared region of the
Ξ(1690)0, together with an accumulation of events in the K¯0K+ threshold region; the
latter is consistent with a contribution to the Dalitz plot due to the a0(980)+ resonance.
In contrast, the Dalitz plots corresponding to the Λ+c mass-sideband regions exhibit no
structure.
We describe the event distribution in the Dalitz plot of Fig. 3(b) in terms of an isobar
model consisting of the coherent superposition of amplitudes characterizing (Λa0(980)+)
and (Ξ(1690)0K+) decay of the Λ+c . The a0(980) is known to couple to both ηpi and
K¯K and is characterized by the Flatté parametrization [5], while a Breit-Wigner func-
tion is used to describe the amplitude for the Ξ(1690)0.
This model is used to describe the intensity distribution at a point on the Dalitz plot
by means of the squared modulus of a coherent superposition of these two amplitudes,
under the assumption that the Ξ(1690)0 has spin 1/2, since the moment projections fa-
vor this choice. Fits to the Dalitz plot under the assumptions of spin 3/2 and 5/2 are
ongoing. We find that no additional isobars are needed in order to accurately model the
data. In order to extract the mass and width parameters of the Ξ(1690)0, we perform a
binned maximum Likelihood fit to the rectangular Dalitz plot of Fig. 3(b) (incorporat-
ing resolution smearing in mass, and a background parametrization obtained from the
Λ+c mass-sidebands).
The fit reproduces accurately the skewed lineshape of the ΛKS invariant mass projec-
tion (Fig. 4). The skewing results from the interference between the a0(980)+ and the
Ξ(1690)0. The actual Ξ(1690)0 signal is symmetric and significantly smaller than the
apparent signal, which is dominated by this interference effect. The fit also provides an
excellent representation of the other invariant mass projections.
5. Conclusions
Mass and width measurements for the Ξ(1690)0 have been obtained from fits to the Λ+c →
ΛKSK
+ Dalitz plot. The results indicate that the spin of the Ξ(1690) is consistent with 1/2.
The properties of the Ξ(1530)0 are studied using the decay Λ+c → Ξ−pi+K+. The spin of
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Figure 2: The efficiency-corrected P0, 2, 4 moments of the Ξ−pi+ system in-
variant mass distribution for the Λ+c signal region. In (a) the dashed curve
represents the estimated background contribution in the Λ+c region.
the Ξ(1530) is consistent with 3/2.
Similar studies for cascade resonance production and associated spectra done at BaBar us-
ing charm baryon production can be done at GlueX with a KL beam. Three-body systems
involving two-body Cascade resonance decays require the analysis of the entire Dalitz plot
when the statistical level is such that the shortcomings of a quasi-two-body approach become
apparent. Therefore it is essential to have high statistics to allow for a proper to fit to the
entire Dalitz plot.
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(b)
Preliminary
Figure 3: (a) The Dalitz plot for Λ+c → ΛK¯0K+ corresponding to the Λ+c
signal region. The dashed line indicates the nominal mass-squared region of the
Ξ(1690)0. (b) The rectangular Dalitz plot for Λ+c → ΛK¯0K+ corresponding
to the Λ+c signal region. The black curve corresponds to the a0(980)
+ pole
position.
Preliminary
Figure 4: (a) Λc-mass-sideband-subtracted efficiency-corrected ΛKS invariant
mass projection. (b) Λc-mass-sideband-subtracted efficiency-corrected cosθΛ
spectrum.
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2.15 Evidence of Some New Hyperon Resonances − to be Checked by KL
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Abstract
Quenched and unquenched quark models predict very different patterns for the spectrum
of the low excited hyperon states. Evidence is accumulating for the existence of some new
hyperon resonances, such as a Σ∗ of spin-parity JP = 1/2− around 1400 MeV instead of
1620 MeV as listed in PDG, a new Σ(1540)3/2− resonance, a new narrow Λ(1670)3/2−
resonance and a new Λ(1680)3/2+ resonance. All these new hyperon resonances fit in the
predicted pattern of the unquenched quark models very well. It is extremely important to
check and establish the spectrum of these low excited hyperon states by the proposed KL
beam experiments at JLab.
1. Why hyperon resonances ?
Creation of quark-anti-quark pairs from gluon field plays a crucial role for understanding
quark confinement and hadron spectroscopy. In the classical quenched quark model for a
q1q¯1 meson, the q1 quark cannot be separated from the q¯1 anti-quark due to a infinitely large
confinement potential. But in realty, we know the q1 and q¯1 can be easily separated from
each other by creation of another quark-anti-quark pair q2q¯2 to decay to two mesons, q1q¯2
and q2q¯1. With the creation of the q2q¯2, instead of forming two colorless mesons, the system
could also exist in the form of a tetra-quark state [q1q2][q¯1q¯2]. Therefore both lattice QCD
and quark models should go beyond the quenched approximation which ignore the creation
of quark-anti-quark pairs.
Quenched qqq quark models and unquenched qqq ↔ qqqqq¯ quark models give very different
predictions for the hyperon spectroscopy. For example, for the JP = 1
2
− SU(3) nonet part-
ners of the N(1535) and Λ(1405). While quenched quark models [1–4] predict the JP = 1
2
−
Σ and Ξ resonances to be around 1650 MeV and 1760 MeV, respectively, the unquenched
quark models [5–7] expect them to be around 1400 MeV and 1550 MeV, respectively, a
meson-soliton bound-state approach of the Skyrme model [8] and other meson-baryon dy-
namical models [9,10] predict them to be around 1450 MeV and 1620 MeV, respectively. In
Fig. 1, we show prediction of the lowest penta-quark states with JP = 1/2±, 3/2± [5,6] (red
solid) compared with those from the classical quenched qqq model [1] (black solid). The
major differences are that the lowest penta-quark hyperon states with JP = 1/2− and 3/2+
are about 200 MeV lower those from the classical quenched qqq models [1].
Although various phenomenological models give distinguishable predictions for the lowest
excited hyperon states, most of them are not experimentally established or even listed in
PDG [11]. Most of our knowledge for the hyperon resonances came from analyses of old
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Figure 1: Prediction of the lowest penta-quark states with JP = 1/2±, 3/2± [5,
6] (red solid) compared with those from the classical quenched qqq model [1]
(black solid). The black boxes are experimental results from PDG while the
red box are from recent new analyses.
KN experiments in the 1970s [11]. In the new century, some new measurements from Crys-
tal Ball (CB) [12–14], LEPS [15] and CLAS [16] have started to provide us new information
on Σ∗ and Λ∗ resonances. It is crucial to use them to clarify the spectrum of low-lying hy-
peron resonances to pin down the underlying dynamics for baryon spectrum and structure.
Recent analyses of these new data together with old data reveal some interesting new fea-
tures of the low-lying excited hyperon states. Here I will give a brief review of these new
results and discuss about their further confirmation from the proposed KL beam and other
experiments.
2. New Results on Σ∗ and Λ∗ Resonances
(a) On the Lowest Σ∗ Resonances with Negative Parity
The lowest Σ∗ resonances with JP = 1/2− or 3/2− are still far from established. There
is a Σ(1620)1
2
− listed as a 2-star resonance in the previous versions of PDG tables and
downgraded to 1-star in the newest version [11]. There is also a Σ(1580)3
2
− listed as
1-star resonance [11].
The Σ(1620)1
2
− seems supporting the prediction of quenched quark models. However,
for the 2-star Σ(1620)1
2
− resonance, only four references [17–20] are listed in PDG
tables with weak evidence for its existence. Among them, Ref. [17] and Ref. [18]
are based on multi-channel analysis of the KN reactions. Both claim evidence for
a Σ(1
2
−
) resonance with mass around 1620 MeV, but give totally different branching
ratios for this resonance. Ref. [17] claims that it couples only to piΛ and not to piΣ
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while Ref. [18] claims the opposite way. Both analyses do not have Σ(1660)1
2
+ in
their solutions. However, Ref. [21] shows no sign of Σ(1
2
−
) resonance between 1600
and 1650 MeV through analysis of the reaction KN → Λpi with the c.m. energy in
the range of 1540-2150 MeV, instead it suggests the existence of Σ(1660)1
2
+. Later
multi-channel analyses of the KN reactions support the existence of the Σ(1660)1
2
+
instead of Σ(1620)1
2
− [11]. In Ref. [19], the total cross sections for K−p and K−n
with all proper final states are analyzed and indicate some Σ resonances near 1600 MeV
without clear quantum numbers. Ref. [20] analyzes the reaction K−n→ pi−Λ and gets
two possible solutions, with one solution indicating a Σ(1
2
−
) near 1600 MeV, and the
other showing no resonant structure below the Σ(1670). So all these claims of evidence
for the Σ(1620)1
2
− are very shaky. Instead, some re-analyses of the piΛ relevant data
suggest that there may exist a Σ(1
2
−
) resonance around 1380 MeV [22], which supports
the prediction of unquenched quark models [5, 6]. This is supported by the new CLAS
data on γp → KΣpi [16], although a more delicate analysis [23] of the data suggests
the resonant peak to be at a higher mass around 1430 MeV.
For the study of Σ resonances, the K¯N → piΛ reaction is the best available channel,
where the s-channel intermediate states are purely hyperons with strangeness S = −1
and isospin I = 1. Recently, high statistic new data for the reaction K−p → pi0Λ are
presented by the Crystal Ball Collaboration with the c.m. energy of 1560 – 1676 MeV
for both differential cross sections and Λ polarizations [13]. In order to clarify the sta-
tus of the Σ(1620)1
2
− and the Σ(1660)1
2
+, we analyzed the differential cross sections
and Λ polarizations for bothK−p→ pi0Λ andK−n→ pi−Λ reactions with an effective
Lagrangian approach, using the new Crystal Ball data on K−p → pi0Λ with the c.m.
energy of 1560 – 1676 MeV [13], and the K−n→ pi−Λ data of Ref. [20] with the c.m.
energy of 1550 – 1650 MeV, where the evidence of the Σ(1620)1
2
− was claimed. The
new Crystal Ball data clearly shows that the Crystal Ball Λ polarization data demand
the existence of a Σ resonance with JP = 1
2
+ and mass near 1635 MeV [24], compat-
ible with Σ(1660)1
2
+ listed in PDG, while the Σ(1620)1
2
− is not needed by the data.
The differential cross sections alone cannot distinguish the two solutions with either
Σ(1660)1
2
+ or Σ(1620)1
2
−.
This analysis also suggests a possible Σ(3
2
−
) resonance with mass around 1542 MeV
and width about 25.6 MeV. This seems consistent with the resonance structure Σ(1560)
or
Σ(1580)3
2
− in PDG and compatible with expectation from penta-quark model [5].
Ref. [25] also proposes a Σ(3
2
−
) resonance with mass around 1570 MeV and width
about 60 MeV from KNpi system.
After our analysis, there were three groups [26–28] having made more sophisticated
coupled channel analysis of the K¯N scattering data including those from the Crystal
Ball experiment. The newest analysis [28] gives roughly consistent results for the low-
est Σ∗(1/2±) resonances as ours. In both analyses, there is no Σ(1620)1/2−. While
in our analysis, the Σ(1635)1/2+ is definitely needed, in Ref. [28], the Σ(1635)1/2+
is split to two 1/2+ resonances: Σ(1567) and Σ(1708). The other two analyses claim
the need of the Σ(1620)1/2−, but with much lower energy at 1501 MeV [26] and
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1551 MeV [27], respectively.
For the lowest Σ∗(3/2−), Ref. [27] gives a similar result as ours with mass around
1550 MeV. Refs. [26, 28] give a higher mass around 1670 MeV.
So there are strong evidences for the lowest Σ∗(1/2−) to be in the range of 1380 ∼
1500 MeV and the lowest Σ∗(3/2−) to be around 1550 MeV. But this is not conclusive.
(b) On the Lowest Λ∗(3/2±) Resonances
Many studies have been carried out to investigate the Λ resonances. Oset et al. [29,30]
used a chiral unitary approach for the meson-baryon interactions and got two JP = 1
2
−
resonances with one mass near 1390 MeV and the other around 1420 MeV. They be-
lieve the well established Λ(1405)1
2
− resonance listed in PDG [11] is actually a su-
perposition of these two 1
2
− resonances. Manley et al. [26] and Kamano et al. [27]
made multichannel partial-wave analysis of KN reactions and got results with some
significant differences. Zhong et al. [31] analyzed the K−p → pi0Σ0 reaction with the
chiral-quark model and discussed characteristics of the well established Λ resonances.
Liu et al. [32] analyzed the K−p → ηΛ reaction [12] with an effective Lagrangian
approach and implied a D03-resonance with mass about 1670 MeV but much smaller
width compared with the well established Λ(1690)3
2
−. So there are still some ambigu-
ities of the Λ resonant structures needing to be clarified.
Recently, the most precise data on the differential cross sections for the K−p → pi0Σ0
reaction have been provided by the Crystal Ball experiment at AGS/BNL [13, 14].
The Σ0 polarization data were presented for the first time. However, with different
data selection cuts and reconstructions, two groups in the same collaboration, i.e., VA
group [14] and UCLA group [13], got inconsistent results for the Σ0 polarizations. Pre-
vious multi-channel analysis [26,27,31] of the KN reactions failed to reproduce either
set of the polarization data.
In our recent work [33], we concentrate on the most precise data by the Crystal Ball
Collaboration on the pure isospin scalar channel of KN reaction to see what are the Λ
resonances the data demand and how the two groups’ distinct polarization data [13,14]
influence the spectroscopy of Λ resonances. Consistent differential cross sections of
earlier work by Armenteros et al. [34] at lower energies are also used. It is found
that the 4-star Λ(1670)1
2
− and 3-star Λ(1600)1
2
+ resonances listed in PDG [11] are
definitely needed no matter which set of CB data is used. In addition, there is strong
evidence for the existence of a new Λ(3
2
+
) resonance around 1680 MeV no matter
which set of data is used. It gives large contribution to this reaction, replacing the
contribution from the 4-star Λ(1690)3
2
− resonance included by previous fits to this
reaction.
Replacing the PDG Λ(1690)3
2
− resonance by a new Λ(1680)3
2
+ resonance has impor-
tant implications on hyperon spectroscopy and its underlying dynamics. While the
classical qqq constituent quark model [2] predicts the lowest Λ(3
2
+
) resonance to be
around 1900 MeV in consistent with the Λ(1890)3
2
+ listed in PDG, the penta-quark
dynamics [5] predicts to be below 1700 MeV in consistent with Λ(1680)3
2
+ claimed in
this work.
A recent analysis [32] of CB data on the K−p → ηΛ reaction requires a Λ(3
2
−
) reso-
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nance with mass about 1670 MeV and width about 1.5 MeV instead of the well estab-
lished Λ(1690)3
2
− resonance with width around 60 MeV. Together with N∗(1520)3
2
−,
Σ(1542)3
2
− suggested in Ref. [24] and either Ξ(1620) or Ξ(1690), they fit in a nice
3/2− baryon nonet with large penta-quark configuration, i.e.,N∗(1520) as |[ud]{uq}q¯ >
state, Λ(1520) as |[ud]{sq}q¯ > state, Λ(1670) as |[ud]{ss}s¯ > state, and Ξ(16xx) as
|[ud]{ss}q¯ > state. Here {q1q2} means a diquark with configuration of flavor repre-
sentation 6, spin 1 and color 3¯. The Λ(1670) as |[ud]{ss}s¯ > state gives a natural
explanation for its dominant ηΛ decay mode with a very narrow width due to its very
small phase space meanwhile a D-wave decay [35].
Recent analyses [27, 28] also support possible existence of the Λ(1680)3
2
+, but with a
narrower width.
3. Summary and Prospects
Taking into account new data from Crystal Ball (CB) [12–14], LEPS [15] and CLAS [16],
new analyses show strong evidences for the lowest Σ∗(1/2−) to be in the range of 1380 ∼
1500 MeV, the lowest Σ∗(3/2−) to be around 1550 MeV and the lowest Λ∗(3/2+) to be
around 1680 MeV. There is also evidence for a very narrow Λ∗(3/2−) around 1670 MeV
decaying to Λη. All these new hyperon resonances fit in the expected pattern of unquenched
quark models very well. It is very important to pin down the existence of these new reso-
nances.
Various processes could be used to study these hyperon resonances. The neutrino induced
hyperon production processes ν¯e/µ + p → e+/µ+ + pi + Λ/Σ may provide a unique clean
place for studying low energy piΛ/Σ interaction and hyperon resonances below KN thresh-
old [36]. With plenty production of Λc at BESIII, J-PARC, BelleII, Λ+c → pi+pi0Λ could also
be used to study Σ∗. The K−, KL beam experiments at JPARC and Jlab could provide an
elegant new source for Λ∗, Σ∗, and Ξ∗ hyperon spectroscopy. KLp → Λpi+, Σ0pi+, Σ+pi0,
Σ∗0pi+, and Σ∗+pi0 could pin down the Σ∗(1540)3/2−; KLp → Σ0pi0pi+, and Λpi0pi+ could
shed light on the Σ∗(1380 ∼ 1500)1/2−, Σ∗(1540)3/2−, Λ∗(1680)3/2+; KLp → Σ0ηpi+,
and Ληpi+ may check Σ∗(1380 ∼ 1500)1/2−,
Σ∗(1540)3/2−, and Λ∗(1670)3/2−. We believe the proposed KL beam experiments at JLab
could settle down the spectrum of the low excited hyperon states which provide complimen-
tary information to the study of penta-quark states with hidden charm [37, 38] and play a
crucial role for understanding the hadron dynamics and hadron structure.
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2.16 Can Spectroscopy with Kaon Beams at JLab Discriminate between
Quark Diquark and Three Quark Models ?
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Abstract
Different three quark models exhibit different missing states but also quark diquark models
still exhibit missing states, even if they have a reduced space states. Moreover even quark
diquark models show some differences in their missing states. After many years still we are
not able to answer the question if nature is completely described by three quark models or if
diquark correlations in quark diquark models have to be dismissed, or even if one of the two
pictures is the dominant one at different scales, as suggested in [1,2]. A new experiment based
on Kaon beam and with polarization techniques, just as can be planned at Jlab will be able
to answer to that fundamental open question. The most recent LQCD effort show a threee
quark clustering of their states at least at lower energy, but still they are not at he pion mass
physical point, thus they are still not able to encode the complexity of the chiral symmetry
breaking that as shown on he other side by eroic efforts in Dyson Swinger approach to QCD,
underline the emerging of the importance of diquark correlations. The quark diquark model
corresponds in first approximation to the leading Regge trajectories and still all the resonances
belonging to those trajectories are waiting for, to be discovered, but we expect that at least
those that correspond to the leading Regge trajectories should be there, so considering that
each piece of knowledge is closely interlocked and interconnected, the poor knowledge of
some of the Lambda excited states, can be reflected also in a early stage in the Pentaquark
analysis. Finally, a review of the underlying ideas of the Interacting Quark Diquark Model
(IQDM) that asses the baryon spectroscopy and structure in terms of quark diquark degrees of
freedom is given, together with a discussion of the missing resonance problem. In respect to
the early quark diquark models, we found that the IQDM is able to the describe the three star.
N3/2+(1930), that is missing in the old quark diquark models.
1. Introduction: Missing States and Kaon Beams
Different three quark models exhibit different missing states (as confirmed [3] also in the
study of strong decays with different quark models) but also quark diquark models still
exhibit missing states [4–6], even if they have a reduced space state. Moreover even quark
diquark models show some differences in their missing states( let’s compare the old [7, 8]
with the new [4–6, 9]). After many years still we are not able to answer the question if
nature is completely described by three quark models or if diquark correlations in quark
diquark models have to be dismissed, or even if one of the two pictures is the dominant one
at different scales, as suggested in Ref. [1, 2]. A new experiment based on Kaon beam and
with polarization techniques, just as can be planned at Jlab will be able to answer to that
fundamental open question.
In parallel, recently, theoretical approaches based on QCD have been strongly developed.
Lattice QCD performs ab initio calculation for hadron spectroscopy, even if it is not easy
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to approach hadron states at the physical pion mass or with heavy flavor. Nevertheless, the
recent progress of the Lattice simulations are really impressive and hadron structures and
interactions have been discussed extensively in Refs. [10, 11].
The most recent LQCD effort show a threee quark like clustering at least at lower energy,
but still LQCD results are not at the pion mass physical point, thus they are still not able to
encode the complexity and richness of the chiral symmetry breaking. A bit of that, it is on
the contrary kept by the efforts in Dyson Swinger approach to QCD [12], that on the contrary
is able to show that any interaction that binds pi mesons in the rainbow-ladder approximation
of the DSE will produce also diquarks as can be seen in Ref. [12]. Nevertheless even if
starting from the QCD Lagrangian with a DSE equation, due to the many approximations
that are necessary to be able to do calculations, we still turn out dealing with a model even
if rooted in QCD.
On the contrary, quark diquark models are by definition only phenomenological models, and
they corresponds in first approximation to the leading Regge trajectories, but many of those
resonances belonging to those trajectories are still waiting to be discovered. It is reasonable
to expect that at least those resonances that correspond to the leading Regge trajectories
should exist.
Considering up to only 2 GeV the Interacting Quark Diquark model has 8 missing Λs in
the octet and 6 in the singlet, so that many more can be expected up to 10 GeV. It seems
reasonable to expect that at least the quark diquark subset of states will be found by the
experiments if we believe in a string like Regge behavior at higher energies where the quark
diquark picture should be the dominant one, but also those resonances are still waiting to be
discovered. In this respect, the study of the higher energy part of the spectrum will shed light
on the confinement mechanism [13, 14] and the generation of the strange baryon and meson
masses, as due to the breaking of chiral symmetry, and this will be one of the main task for
a JLab Kaon beam experiment.
Considering the same problem but as a three quark follower, we can argue in another way,
but stiil the conclusions will be the same: the number of Λ’s states (but the same can be said
for Σ or Ω’s states) should be expected in nature at least in equal number than the N∗ or
∆∗ states (around 26), if we believe in three quark SU(3) flavor symmetry (or at least only
a subset of those if we on the contrary believe in a quark diquark like clustering of states).
Considering that up to now only few strange states are experimentally known, and very few
also with their quantum numbers etc., thus for sure a 10 GeV Kaon beam experiment, as it
can be planned at JLab, should be rated to have a sure important result, also considering that
there will be not only expertise in the hardware, but also in the analysis tecniques.
Considering that each piece of knowledge is closely interlocked and interconnected, for
example the poor knowledge of some of the Λ’s excited states, can be reflected also in a early
stage of the charmonium like Pentaquark analysis [15]. Comparing the number of Λ’s states
predicted by the relativistic Interacting Quark Diquark models (8 for the octet and 6 for the
singlet under 2 GeV) that are only a subset of those predicted by three-quark models, we can
try to suggest a next generation Pentaquark analysis that evaluates the systematic error on the
background due to the missing Λ’s states (see Ref. [4]). The future discovering of missing
Λ resonances by a new JLab Kaon beam experiment maybe will not change the structures
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seen in the Dalitz Plot by the LHCb analysis, but eventually modify some parameters. In
a similar way, the poor knowledge of strange hadrons can be reflected into an early stage
of strangeness physics and beyond the standard model analysis, if (as very often happen)
hadron physics pieces are involved in the analysis too.
Various aspects of the hadron structures have been investigated by many experimental and
theoretical approaches in the last years. The observations of the hadron states with an exotic
structure have attracted a lot of interest. In particular, regarding the light flavor region, we can
remind the exotic states found in the accelerator facilities such as the scalar mesons a0(980)
and f0(980),or the Λ(1405) which are expected to have an exotic structure as multiquarks,
hadronic molecules, but also hybrid states and so forth [16, 17], that with Kaon beam could
be better studied. On the other hand in the heavy counterpart, there are now accumulating
evidences of exotic heavy hadrons, we can cite states such as the Zc [18, 19] and Z
(′)
b [20]
which can not be explained by the simple quark model picture.
The chiral effective field theory respecting the chiral symmetry provides the hadron-hadron
scatterings at low energy with the Nambu-Goldstone bosons exchange. This is a powerful
tool to investigate hadronic molecules as the meson-meson [21–23], meson-baryon [24, 25],
and baryon-baryon [26, 27] states appearing near thresholds, but they need a fine tuning of
their parameters that can only be obtained with high precision Kaon beam experiments.
Finally , in the last part of this article, we will discuss briefly some new results obtained
within the formalism of the Unquenched Quark Model (UQM): when LQCD or Chiral ef-
fective models can not be applied, it can provide anyway predictions, making up with the
three quark model defects, but again also the UQM like chiral effective field theory needs a
good knowledge of the strange couplings that can be a sub-product of a Kaon beam experi-
ment.
2. Phenomenological Motivation for Quark Diquark Model
The notion of diquark is as old as the quark model itself. Gell-Mann [28] mentioned the
possibility of diquarks in his original paper on quarks, just as the possibility of tetra and
pentaquark. Soon afterwards, Ida and Kobayashi [7] and Lichtenberg and Tassie [8] intro-
duced effective degrees of freedom of diquarks in order to describe baryons as composed
of a constituent diquark and quark. Since its introduction, many articles have been writ-
ten on this subject [1, 29–39] up to the most recent ones [5, 6, 9], and, more recently, also
in tetraquark spectroscopy. Moreover different phenomenological indications for diquark
correlations have been collected during the years, such as some regularities in hadron spec-
troscopy, the ∆I = 1
2
rule in weak nonleptonic decays [40], some regularities in parton
distribution functions and in spin-dependent structure functions [41] and in the Λ(1116) and
Λ(1520) fragmentation functions. Although the phenomenon of color superconductivity [42]
in quark dense matter cannot be considered an argument in support of diquarks in the vac-
uum, it is nevertheless of interest since it stresses the important role of Cooper pairs of color
superconductivity, which are color antitriplet, flavor antisymmetric, scalar diquarks. The
concept of diquarks in hadronic physics has some similarities to that of correlated pairs in
condensed matter physics (superconductivity [43]) and in nuclear physics (interacting boson
model [44]), where effective bosons emerge from pairs of electrons [45] and nucleons [46],
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respectively. Any interaction that binds pi and ρ mesons in the rainbow-ladder approxima-
tion of the DSE will produce diquarks as can be seen in Ref. [12], and finally there are even
some indication of diquark confinement. The quark-diquark effective degrees of freedom
have shown their usefulness also in the study of transversity problems and fragmentation
functions (see Ref. [47]), even in an oversimplified form, i.e. with the spatial part of the
quark-diquark ground state wave function parametrized by means of a gaussian. The micro-
scopic origin of the diquark as an effective degrees of freedom, it is not completely clear,
nevertheless, as in nuclear physics, one may attempt to correlate the data in terms of a phe-
nomenological model, and in many cases it has already shown it usefulness. In this short
contribution, we will review the Interacting Quark Diquark model in its original formula-
tion [1], discussing also the Point Form relativistic reformulation [1,5,6]. We shall focus on
its differences and extension to the strange spectra [6]. We will point out some important
consequences on the ratio of the electric and magnetic form factor of the proton, that is a
presence of a zero at Q2 = 8 GeV 2, while impossible with three quark models. The new
12 GeV2 experiment planned at JLab will eventually shed light on the three quark versus
diquark structure of the nucleon.
3. The Interacting Quark Diquark Model
The model is an attempt to arrive to a systematic description and correlation of data in term
of q-diquark effective degrees of freedom. By formulating a quark- diquark model with
explicit interactions, in particular with a direct and an exchange interaction, we will show
the spectrum which emerges from this model. In respect to the prediction shown in Ref. [1]
we have extended our calculation up to 2.4 GeV, and so we have predicted more states.
Up to an energy of about 2 GeV, the diquark can be described as two correlated quarks
with no internal spatial excitations [1, 5], thus its color-spin-flavor wave function must be
antisymmetric. Moreover, as we consider only light baryons, made up of u, d, s quarks, the
internal group is restricted to SUsf(6). If we denote spin by its value, flavor and color by the
dimension of the representation, the quark has spin s2 = 12 , flavor F2 = 3, and color C2 = 3.
The diquark must transform as 3 under SUc(3), hadrons being color singlets. Then, one only
has the symmetric SUsf(6) representation 21sf(S), containing s1 = 0, F1 = 3, and s1 = 1,
F1 = 6, i.e. the scalar and axial-vector diquarks, respectively. This is because we think of
the diquark as two correlated quarks in an antisymmetric nonexcited state. We assume that
the baryons are composed of a valence quark and a valence diquark.
The relative configurations of two body can be described by the relative coordinate ~r and
its conjugate momenta ~p. The Hamiltonian contains a direct and an exchange interaction.
The direct interaction is Coulomb plus linear interaction, while the exchange one is of the
type spin-spin, isospin-isospin etc. A contact term has to be present to describe the splitting
between the nucleon and the ∆:
H = E0 +
p2
2m
− τ
r
+ βr + (B + Cδ0)δS12,1
+ (−1)l+12Ae−αr[ ~s12 · ~s3 + ~t12 · ~t3 + 2 ~s12 · ~s3 ~t12 · ~t3. (1)
For a purely Coulomb-like interaction the problem is analytically solvable. The solution is
130
trivial, with eigenvalues
En,l = −τ
2m
2 n2
, n = 1, 2 ... (2)
Here m is the reduced mass of the diquark-quark configuration and n the principal quantum
number. The eigenfunctions are the usual Coulomb functions
Rn,l(r) =
√
(n− l − 1)!(2g)3
2n[(n+ l)!]3
(2gr)l e−grL2l+1n−l−1(2gr), (3)
where for the associated Laguerre polynomials g = τm
n
. We treat all the other interactions
as perturbations, so the model is completely analytical. The matrix elements of βr can be
evaluated in closed form as
∆En,l =
∫ ∞
0
βr[Rn,l(r)]
2r2dr =
β
2mτ
[3n2 − l(l + 1)]. (4)
Next comes the exchange interaction of Eq. (5). The spin-isospin part is obviously diagonal
in the basis of Eq. (7)
〈~s12 · ~s3〉 = 1
2
[S(S + 1)− s12(s12 + 1)− s3(s3 + 1)] ,
〈~t12 · ~t3〉 = 1
2
[T (T + 1)− t12(t12 + 1)− t3(t3 + 1)] . (5)
To complete the evaluation, we need the matrix elements of the exponential. These can be
obtained in analytic form
In,l(α) =
∫ ∞
0
e−α r [Rn,l(r)]2r2dr . (6)
The results are straightforward. Here, by way of example, we quote the result for l = n− 1
In,l=n−1(α) = (
1
1 + n α
2τ m
)2n+1 . (7)
Our results are in present in Tables 1 and 2.
4. The Relativistic Interacting Quark Diquark Model
The exstention of the Interacting quark diquark model [1] in Point Form can be easily
done [5, 6]. This is a potential model, constructed within the point form formalism [48],
where baryon resonances are described as two-body quark-diquark bound states; thus, the
relative motion between the two constituents and the Hamiltonian of the model are functions
of the relative coordinate ~r and its conjugate momentum ~q. The Hamiltonian contains just as
in the 2005 paper [1], the two basic ingredients: a Coulomb-like plus linear confining inter-
action and an exchange one, depending on the spin and isospin of the quark and the diquark.
The mass operator is given by
M = E0 +
√
~q 2 +m21 +
√
~q 2 +m22 +Mdir(r) +Mex(r) , (8)
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Table 1: Mass spectrum of N -type resonances (up to 2.1 GeV) in the interact-
ing quark diquark model [1]. The value of the parameters are those obtained
and reported in Ref. [10] based on the fit of the 3 and 4 star resonances known at
the time. The table reports also the prediction for the remaining resonances, in-
cluding the recent upgraded 3∗ P13(1900). The experimental values are taken
from Ref. [49].
Baryon L2I,2J Status Mass Jp Mcal
(MeV) (MeV)
N(939)P11 **** 939 1/2+ 940
N(1440)P11 **** 1410-1450 1/2+ 1538
N(1520)D13 **** 1510-1520 3/2− 1543
N(1535)S11 **** 1525-1545 1/2− 1538
N(1650)S11 **** 1645-1670 1/2− 1673
N(1675)D15 **** 1670-1680 5/2− 1673
N(1680)F15 **** 1680-1690 5/2+ 1675
N(1700)D13 *** 1650-1750 3/2− 1673
N(1710)P11 *** 1680-1740 1/2+ 1640
N(1720)P13 **** 1700-1750 3/2+ 1675
N(1860)F15 ** 1820-1960 5/2+ 1975
N(1875)D13 *** 1820-1920 3/2− 1838
N(1880)P11 ** 1835-1905 1/2+ 1838
N(1895)S11 ** 1880-1910 1/2− 1838
N(1900)P13 *** 1875-1935 3/2+ 1967
N(1990)F17 ** 1995-2125 7/2+ 2015
N(2000)F15 ** 1950-2150 5/2+ 2015
N(2040)P13 * 2031-2065 3/2+ 2015
N(2060)D15 ** 2045-2075 5/2− 2078
N(2100)P11 ** 2050-2200 1/2+ 2015
N(2120)D13 ** 2090-2210 3/2− 2069
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Table 2: As Table 1, but for ∆-type resonances.
Baryon L2I,2J Status Mass State Mcal
(MeV) (MeV)
∆(1232)P33 **** 1230-1234 3/2+ 1235
∆(1600)P33 *** 1500-1700 3/2+ 1709
∆(1620)S31 **** 1600-1660 1/2− 1673
∆(1700)D33 **** 1670-1750 3/2− 1673
∆(1900)S31 ** 1840-1920 1/2− 2003
∆(1905)F35 **** 1855-1910 5/2+ 1930
∆(1910)P31 **** 1860-1910 1/2+ 1967
∆(1920)P33 *** 1900-1970 3/2+ 1930
∆(1930)D35 *** 1900-2000 5/2− 2003
∆(1940)D33 ** 1940-2060 3/2− 2003
∆(1950)F37 **** 1915-1950 7/2+ 1930
∆(2000)F35 ** ≈ 2000 5/2+ 2015
where E0 is a constant, Mdir(r) and Mex(r) the direct and the exchange diquark-quark
interaction, respectively, m1 and m2 stand for diquark and quark masses. The direct term,
we consider,
Mdir(r) = −
τ
r
(
1− e−µr)+ βr (9)
is the sum of a Coulomb-like interaction with a cut off plus a linear confinement term. We
also have an exchange interaction, since this is the crucial ingredient of a quark-diquark
description of baryons that has to be extended to contain flavor λ matrices in such a way to
be able to describe in a simultaneous way both the non strange and the strange sector [1, 6].
We have also generalized the exchange interaction in such a way to be able to describe
strange baryons, simply considering
Mex(r) = (−1)L+1 e−σr
[
AS ~s1 · ~s2 + AF ~λf1 · ~λf2 + AI ~t1 · ~t2
]
, (10)
where ~λf are the SUf(3) Gell-Mann matrices. In a certain sense, we can consider it as a
Gürsey-Radicati inspired interaction [9, 50]. In the nonstrange sector, we also have to keep
a contact interaction [5] in the mass operator
Mcont =
(
m1m2
E1E2
)1/2+
η3D
pi3/2
e−η
2r2 δL,0δs1,1
(
m1m2
E1E2
)1/2+
(11)
as necessary to reproduce the ∆−N mass splitting.
The results for the strange and non-strange baryon spectra from Ref. [1, 6] (See Tables 1, 2,
and 3) were obtained by diagonalizing the mass operator of Eq.(8) by means of a numerical
variational procedure, based on harmonic oscillator trial wave functions. With a basis of 150
harmonic oscillator shells, the results converge very well.
It is interesting to compare our results [6] to those of three-quark quark models (see Refs. [2,
5, 54–60]). It is clear that a larger number of experiments and analysis, looking for missing
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Table 3: Mass predictions [6] for Λ-type resonances compared with PDG data; APS copyright.
Resonance Status Mexp. JP LP S s1 Q2q F F1 I t1 nr Mcalc.
(MeV) (MeV)
Λ(1116) P01 **** 1116 12
+
0+ 1
2
0 [n, n]s 8 3¯ 0 0 0 1116
Λ(1600) P01 *** 1560 - 1700 12
+
0+ 1
2
0 [n, s]n 8 3¯ 0 1
2
0 1518
Λ(1670) S01 **** 1660 - 1680 12
−
1− 1
2
0 [n, n]s 8 3¯ 0 0 0 1650
Λ(1690) D03 **** 1685 - 1695 32
−
1− 1
2
0 [n, n]s 8 3¯ 0 0 0 1650
Λ(1800) S01 *** 1720 - 1850 12
−
1− 1
2
0 [n, s]n 8 3¯ 0 1
2
0 1732
Λ(1810) P01 *** 1750 - 1850 12
+
0+ 1
2
0 [n, n]s 8 3¯ 0 0 1 1666
Λ(1820) F05 **** 1815 - 1825 52
+
2+ 1
2
0 [n, n]s 8 3¯ 0 0 0 1896
Λ(1830) D05 **** 1810 - 1830 52
−
1− 3
2
1 {n, s}n 8 6 0 1
2
0 1785
Λ(1890) P03 **** 1850 - 1910 32
+
0+ 3
2
1 {n, s}n 8 6 0 1
2
0 1896
missing – – 3
2
−
1− 1
2
0 [n, s]n 8 3¯ 0 1
2
0 1732
missing – – 1
2
−
1− 3
2
1 {n, s}n 8 6 0 1
2
0 1785
missing – – 3
2
−
1− 1
2
0 [n, n]s 8 3¯ 0 0 1 1785
missing – – 1
2
+
0+ 1
2
1 {n, s}n 8 6 0 1
2
0 1955
missing – – 1
2
+
0+ 1
2
0 [n, s]n 8 3¯ 0 1
2
1 1960
missing – – 1
2
−
1− 1
2
1 {n, s}n 8 6 0 1
2
0 1969
missing – – 3
2
−
1− 1
2
1 {n, s}n 8 6 0 1
2
0 1969
Λ∗(1405) S01 **** 1402 - 1410 12
−
1− 1
2
0 [n, n]s 1 3¯ 0 0 0 1431
Λ∗(1520) D03 **** 1519 - 1521 32
−
1− 1
2
0 [n, n]s 1 3¯ 0 0 0 1431
missing – – 1
2
−
1− 1
2
0 [n, s]n 1 3¯ 0 1
2
0 1443
missing – – 3
2
−
1− 1
2
0 [n, s]n 1 3¯ 0 1
2
0 1443
missing – – 1
2
−
1− 1
2
0 [n, n]s 1 3¯ 0 0 1 1854
missing – – 3
2
−
1− 1
2
0 [n, n]s 1 3¯ 0 0 1 1854
missing – – 1
2
−
1− 1
2
0 [n, s]n 1 3¯ 0 1
2
1 1928
missing – – 3
2
−
1− 1
2
0 [n, s]n 1 3¯ 0 1
2
1 1928
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resonances, are necessary because many aspects of hadron spectroscopy are still unclear.
In particular the number of Λ states reported by the PDG are still very few in respect to
the predictions both of the Lattice QCD and by the models. In particular the relativistic
version of the interacting quark diquark model predict seven Λ missing states belonging to
the octet and other six missing states belonging to the singlet (considering only states under
2.0 GeV), otherwise much more states should be considered, and looked for, by a 10 GeV
secondary Kaon beam experiment at Jlab. Typical three quark models will predict much
more Λ missing states, and in short they should be in the same number then the already
known N or ∆ states,so at least so 24 for the octet and the same for the singlet. New
experiments should be dedicated to the hunting of those elusive missing Λ states.
Without relying on models only considering the *** and *** Nstar and using SU(3) symme-
try, for each Nstar belonging to an octet, one can expect to complete with the corresponding
Λ state belonging to the same octet. That will give us an expectation for its mass by means
of an evaluation via a Guersey and Radicati mass formula (see table ). The Λ’s states that are
partners of the same octet multiplet for which at least an N star state has been already seen
or viceversa will be denoted with the same colors.
It is also worthwhile noting that in our model [6] Λ(1116) and Λ∗(1520) are described as
bound states of a scalar diquark [n, n] and a quark s, where the quark-diquark system is in S
or P -wave, respectively [6]. This is in accordance with the observations of Refs. [35, 36] on
Λ’s fragmentation functions, that the two resonances can be described as [n, n]− s systems.
The present work can be expanded to include charmed and/or bottomed baryons, which can
be quite interesting in light of the recent experimental effort to study the properties of heavy
hadrons.
We should also underline that the interacting quark-diquark model gives origin to wave func-
tions that can describe in a reasonable way the elastic electromagnetic form factors of the
nucleon. In particular they give origin to a reproduction of the existing data for the ratio of
the electric and magnetic form factor of the proton that predict a zero at Q2 = 8 GeV 2 (see
Fig. 1) like in vector meson parametrizations. On the contrary, we have found impossible to
get this zero with a three quark model [52] (see Fig. 2). The new experiment planned at JLab
will be able to distinguish between the two scenarios ruling out one of the two models.
5. The Unquenched Quark Model
The behavior of observables such as the spectrum and the magnetic moments of hadrons are
well reproduced by the constituent quark model (CQM) [2, 5, 53–60], but it neglects quark-
antiquark pair-creation (or continuum-coupling) effects. The unquenching of the quark
model for hadrons is a way to take these components into account.
The unquenching of CQM were initially done by Törnqvist and collaborators, who used
an unitarized quark model [61, 62], while Van Beveren and Rupp used an t-matrix ap-
proach [63, 64]. These techniques were applied to study of scalar meson nonet (a0, f0,
etc.) of Ref. [64, 65] in which the loop contributions are given by the hadronic interme-
diate states that each meson can access. It is via these hadronic loops that the bare states
become “dressed" and the hadronic loop contributions totally dominate the dynamics of the
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Figure 1: Ratio µpG
p
E(Q
2)/GpM(Q
2), the solid line correspond to the relativis-
tic quark-diquark calculation, figure taken from Ref. [51]; APS copyright.
Figure 2: Ratio µpG
p
E(Q
2)/GpM(Q
2), the solid line correspond to the relativis-
tic Hypercetral quark model, Figure taken from Ref. [52]; APS copyright.
process. A similar approach was developed by Pennington in Ref. [66], where they have in-
vestigated the dynamical generation of the scalar mesons by initially inserting only one “bare
seed". Also, the strangeness content of the nucleon and electromagnetic form factors were
investigated in [67], whereas Capstick and Morel in Ref. [68] analyzed baryon meson loop
effects on the spectrum of nonstrange baryons. In the meson sector, Eichten et al. explored
the influence of the open-charm channels on the charmonium properties using the Cornell
coupled-channel model [53] to assess departures from the single-channel potential-model
expectations.
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In this work we present the latest applications of the UQM to study the orbital angular mo-
menta contribution to the spin of the proton in which the effects of the sea quarks were
introduced into the CQM in a systematic way and the wave functions given explicitly. In an-
other contribution of the same workshop are on the contrary discussed the flavor asymmetry
and strangeness of the proton. Finally, the UQM is applied to describe meson observables
and the spectroscopy of the charmonium and bottomonium, developing the formalism to take
into account in a systematic way, the continuum components.
6. The UQM Formalism
In the UQM for baryons [67,69–71] and mesons [72–75], the hadron wave function is made
up of a zeroth order qqq (qq¯) configuration plus a sum over the possible higher Fock compo-
nents, due to the creation of 3P0 qq¯ pairs. Thus, we have
| ψA〉 = N
[
| A〉+
∑
BC`J
∫
d ~K k2dk | BC`J ; ~Kk〉 〈BC`J ;
~Kk | T † | A〉
Ea − Eb − Ec
]
, (12)
where T † stands for the 3P0 quark-antiquark pair-creation operator [72–75], A is the
baryon/meson, B and C represent the intermediate state hadrons. Ea, Eb and Ec are the
corresponding energies, k and ` the relative radial momentum and orbital angular momentum
betweenB and C and ~J = ~Jb+ ~Jc+ ~` is the total angular momentum. It is worthwhile noting
that in Refs. [72–75], the constant pair-creation strength in the operator (12) was substituted
with an effective one, to suppress unphysical heavy quark pair-creation.
The introduction of continuum effects in the CQM can thus be essential to study observables
that only depend on qq¯ sea pairs, like the strangeness content of the nucleon electromagnetic
form factors [67] or the flavor asymmetry of the nucleon sea [69] it has been discussed in
another contribution of the same conference (see García-Tecocoatzi et al.) The continuum
effects can give important corrections to baryon/meson observables, like the self-energy cor-
rections to meson masses [72–75] or the importance of the orbital angular momentum in the
spin of the proton [70].
7. Orbital Angular Momenta Contribution to Proton Spin in the UQM Formalism
The inclusion of the continuum higher Fock components has a dramatic effect on the spin
content of the proton [71]. Whereas in the CQM the proton spin is carried entirely by the
(valence) quarks, while in the unquenched calculation 67.6% is carried by the quark and
antiquark spins and the remaining 32.4% by orbital angular momentum. The orbital angular
momentum due to the relative motion of the baryon with respect to the meson accounts for
31.7% of the proton spin, whereas the orbitally excited baryons and mesons in the interme-
diate state only contribute 0.7%. Finally we note, that the orbital angular momentum arises
almost entirely from the relative motion of the nucleon and ∆ resonance with respect to the
pi-meson in the intermediate states.
8. Self-Energy Corrections in the UQM
The formalism was used to compute the charmonium (cc¯) and bottomonium (bb¯) spectra
with self-energy corrections, due to continuum coupling effects [72–75]. In the UQM, the
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physical mass of a meson
Ma = Ea + Σ(Ea) (13)
is given by the sum of two terms: a bare energy, Ea, calculated within a potential model [55],
and a self energy correction
Σ(Ea) =
∑
BC`J
∫ ∞
0
k2dk
|MA→BC(k)|2
Ea − Eb − Ec , (14)
computed within the UQM formalism.
Figure 3: Charmonium spectrum with self energies corrections. Black lines
are theoretical predictions and blue lines are experimental data available. Fig-
ure taken from Ref. [73]; APS copyright.
Our results for the self energies corrections of charmonia [73,75] and bottomonia [72,74,75]
spectrums, are shown in Figures 3 and 4.
In our framework the X(3872) can be interpreted as a cc¯ core [the χc1(23P1)], plus higher
Fock components due to the coupling to the meson-meson continuum. In Ref. [75], we were
the first to predict analogous states (as X(3872)) with strong continuum components in the
bottomonium sector but in the χb1(33P1) sector, due to opening of threshold of BB¯, BB¯∗
and B∗B¯∗. We expect similar interesting effects near threshold also in the N∗ sector.
It is interesting to compare the present results to those of the main three-quark quark mod-
els [2, 5, 54–60]. It is clear that a larger number of experiments and analyses, looking for
missing resonances, are necessary because many aspects of hadron spectroscopy are still
unclear.
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Abstract
AntiKaon-nucleon scattering is studied utilizing an analytic solution of the Bethe-Salpeter
equation with the interaction kernel derived from the leading and next-to leading order chiral
Lagrangian. In the on-shell factorization of this solution multiple sets of parameters are found,
which all allow for a good description of the existing hadronic data. We confirm the two-pole
structure of the Λ(1405). The narrow Λ(1405) pole appears at comparable positions in the
complex energy plane, whereas the location of the broad pole suffers from a large uncertainty.
It is demonstrated how experimental data on the photoproduction of K+piΣ off the proton
measured by the CLAS Collaboration can be used to reduce this ambiguity. Finally, an estima-
tion is made on the desired quality of the new scattering data to constrain the parameter space
of the presented model.
1. Introduction
The strangeness S = −1 resonance Λ(1405) is believed to be dynamically generated through
coupled-channel effects in the antiKaon-nucleon interaction. A further intricate feature is its
two-pole structure. Within chiral unitary approaches, which are considered to be the best
tool to address the chiral SU(3) dynamics in such type of system, the investigation of the
two-pole structure was initiated in Ref. [1] and thoroughly analyzed in many publications,
for a (PDG) review see Ref. [2]. However, the available scattering data alone do not allow to
pin down the poles with good precision, as it is known since long, see, e.g., Ref. [3].
Recently, very sophisticated measurements of the reaction γp → K+Σpi were performed
by the CLAS Collaboration at JLab, see Ref. [4]. There, the invariant mass distribution of
all three piΣ channels was determined in a broad energy range and with high resolution.
First theoretical analyses of this data have already been performed on the basis of a chiral
unitary approach in Refs. [5,6]. In this work, we take up the challenge to combine our next-
to-leading order approach of antiKaon-nucleon scattering [7] in an on-shell approximation
with the CLAS data.
First, we construct a family of solutions that lead to a good description of the scattering and
the SIDDHARTA data. This reconfirms the two-pole structure of the Λ(1405). As before, we
find that the location of the second pole in the complex energy plane is not well determined
from these data alone. Then, we address the issue how this ambiguity can be constrained
from the CLAS data. Similar to Ref. [5], we use a simple semi-phenomenological model
for the photoproduction process that combines the description of the hadronic scattering
with a simple polynomial and energy-dependent ansatz for the photoproduction of K+ and
a meson-baryon pair of strangeness S = −1 off the proton. The corresponding energy- and
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channel-dependent constants are fitted to the CLAS data. However, it appears that not all
solutions, consistent with the scattering data, lead to a decent fit to the photoproduction data.
Moreover, we find that the solutions, consistent with photoproduction and scattering data
lead to similar positions of both poles of Λ(1405).
2. AntiKaon-nucleon Scattering
The starting point of the present analysis is the meson-baryon scattering amplitude - a sim-
plified version of the amplitude constructed and described in detail in the original publi-
cation [8] as well as in Refs. [9, 10], to which we refer the reader for conceptual details.
We start from the chiral Lagrangian of leading (LO) and next-to-leading (NLO) order. For
the reasons given in Refs. [8–10], the s- and u-channel one-baryon exchange diagrams are
neglected, leaving us with the following chiral potential
V (/q2, /q1; p) = AWT ( /q1 + /q2)+A14(q1 ·q2)+A57[ /q1, /q2]+AM +A811
(
/q2(q1 ·p)+ /q1(q2 ·p)
)
,
(1)
where the incoming- and outgoing-meson four-momenta are denoted by q1 and q2, respec-
tively, whereas the overall four-momentum of the meson-baryon system is denoted by p.
The AWT , A14, A57, AM and A811 are 10-dimensional matrices which encode the coupling
strengths between all 10 channels of the meson-baryon system for strangeness S = −1, i.e.,
{K−p, K¯0n, pi0Λ, pi0Σ0, pi+Σ−, pi−Σ+, ηΛ, ηΣ0, K+Ξ−, K0Ξ0}. These matrices depend on
the meson decay constants, the baryon and meson masses as well as 14 low-energy constants
(LECs) as specified in the original publication [8].
Due to the appearance of the Λ(1405) resonance just below the K¯N threshold and large mo-
mentum transfer, the strict chiral expansion is not applicable for the present system. Instead,
the above potential is used as a driving term of the coupled-channel Bethe-Salpeter equation
(BSE), for NLO approaches see, e.g., Ref. [3, 7, 11, 12]. For the meson-baryon scattering
amplitude T (/q2, /q1; p) the integral equation to be solved reads
T (/q2, /q1; p) = V (/q2, /q1; p) + i
∫
ddl
(2pi)d
V (/q2,
/l ; p)S(/p− /l)∆(l)T (/l , /q1; p) , (2)
where S and ∆ represent the baryon (of mass m) and the meson (of mass M ) propagator,
respectively, and are given by iS(/p) = i/(/p−m+ i) and i∆(k) = i/(k2 −M2 + i).
Moreover, T , V , S and ∆ in the last expression are matrices in the channel space. The
loop diagrams appearing above are treated using dimensional regularization and applying
the usual MS subtraction scheme in the spirit of our previous work [10]. Note that the
modified loop integrals are still scale-dependent. This scale µ reflects the influence of the
higher-order terms not included in our potential and is used as a fit parameter. To be precise,
we have 6 such parameters in the isospin basis.
The above equation can be solved analytically if the kernel contains contact terms only, see
Ref. [9] for the corresponding solution. Using this solution for the strangeness S = −1
system, we have shown in Ref. [7] that once the full off-shell amplitude is constructed, one
can easily reduce it to the on-shell solution, i.e., setting all tadpole integrals to zero. It
appears that the double pole structure of the Λ(1405) is preserved by this reduction and that
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Figure 1: Fit results compared to the experimental data from Refs. [13–16].
Different colors correspond to the eight best solutions, while the bands repre-
sent the 1σ uncertainty due to errors of the fit parameters. The color coding is
specified in Fig. 2.
the positions of the two poles are changing only by about 20 MeV in imaginary part. On the
other hand, the use of the on-shell approximation of the Eq. (2) reduces the computational
time roughly by a factor of 30. Therefore, in order to explore the parameter space in more
detail, it seems to be safe and also quite meaningful to start from the solution of the BSE (2)
with the chiral potential (1) on the mass-shell. Once the parameter space is explored well
enough we can slowly turn on the tadpole integrals obtaining the full off-shell solution. Such
a solution will become a part of a more sophisticated two-meson photoproduction amplitude
in a future work.
The free parameters of the present model, the low-energy constants as well as the regular-
ization scales µ are adjusted to reproduce all known experimental data in the meson-baryon
sector of strangeness S = −1. The main bulk of this data consists of the cross sections
Table 1: Quality of the various fits in the description of the hadronic and the
photoproduction data from CLAS. For the definition of χ2p.p., see the text.
Fit # 1 2 3 4 5 6 7 8
χ2d.o.f. (hadronic data) 1.35 1.14 0.99 0.96 1.06 1.02 1.15 0.90
χ2p.p. (CLAS data) 3.18 1.94 2.56 1.77 1.90 6.11 2.93 3.14
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for the processes K−p → MB, where MB ∈ {K−p, K¯0n, pi0Λ, pi+Σ−, pi0Σ0, pi−Σ+}, and
laboratory momentum Plab < 300 MeV, from Refs. [13–16]. Electromagnetic effects are not
included in the analysis and assumed to be negligible at the measured values of Plab. Addi-
tionally, at the antiKaon-nucleon threshold, we consider the decay ratios from Refs. [17, 18]
as well as the energy shift and width of Kaonic hydrogen in the 1s state from the SID-
DHARTA experiment at DAΦNE [19] related to the K−p scattering length via the modified
Deser-type formula [20]. Due to the precision of the experiment, the latter two values have
already become the most important input in this sector. In principle, both K¯N scatter-
ing lengths can be determined directly, performing a complementary measurement on the
Kaonic deuterium, see Refs. [21, 22] for the proposed experiments. The strong energy shift
and width of the latter can again be related to the antiKaon-deuteron scattering length, us-
ing the the modified Deser-type formula [20] and finally to the antiKaon-nucleon scattering
lengths as described in Ref. [23].
The fit to the above data was performed minimizing χ2d.o.f. using several thousands randomly
distributed sets of starting values of the free parameters. The latter were assumed to be
of natural size, while the unphysical solutions, e.g., poles on the first Riemann sheet for
Im(W ) < 200 MeV (W :=
√
p2), were sorted out. For more details on the fitting procedure
and results, we refer the reader to the original publication [8]. Eight best solutions were
obtained by this, see second row of Tab. 1, whereas the next best χ2d.o.f. are at least one order
of magnitude larger. The results of the fits compared to experimental data are presented in
Fig. 1, where every solution is represented by a distinct color.
The data are described equally well by all eight solutions, showing, however, different func-
tional behaviour of the cross sections as a function of Plab. When continued analytically to
the complex W plane, all eight solutions confirm the double pole structure of the Λ(1405),
see Fig. 2. There, the narrow pole lies on the Riemann sheet, connected to the real axis
between the piΣ − K¯N thresholds for every solution. The second poles lie on the Riemann
sheets, connected to the real axis between the following thresholds: piΣ − K¯N for solution
1, 2, 4, 5 and 8; piΛ − piΣ for solution 3; K¯N − ηΛ for solutions 6 and 7. Please note that
the second pole of the solution 5 has a shadow pole (5’ in Fig. 2) on the Riemann sheet, con-
nected to the real axis between K¯N − ηΛ thresholds. The scattering amplitude is restricted
around the K¯N threshold by the SIDDHARTA measurement quite strongly. Therefore, in
the complexW plane we observe a very stable behaviour of the amplitude at this energy, i.e.,
the position of the narrow pole agrees among all solutions within the 1σ parameter errors,
see Fig. 2. This is in line with the findings of other groups [3, 11, 12], i.e., one observes sta-
bility of the position of the narrow pole. Quantitatively, the first pole found in these models
is located at somewhat lower energies and is slightly broader than those of our model. In
view of the stability of the pole position, we trace this shift to the different treatment of the
Born term contributions to the chiral potential utilized in Refs. [3, 11, 12].
The position of the second pole is, on the other hand, less restricted. To be more precise,
for the real part we find three clusters of these poles: around the piΣ threshold, around the
K¯N threshold as well as around 1470 MeV. For several solutions, there is some agreement
in the positions of the second pole between the present analysis and the one of Ref. [12] and
of our previous work [7]. However, as the experimental data is described similarly well by
all fit solutions, one can not reject any of them. Thus, the distribution of poles represents
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Figure 2: Double pole structure of the Λ(1405) in the complex energy plane
for the eight solutions that describe the scattering and the SIDDHARTA data.
For easier reading, we have labeled the second pole of these solutions by the
corresponding fit #, where 5 and 5′ denote the second pole on the second Rie-
mann sheet, connected to the real axis between the piΣ − K¯N and K¯N − ηΛ
thresholds, respectively. For comparison, various results from the literature are
also shown, see Refs. [3, 5, 7, 11, 12].
the systematic uncertainty of the present approach. It appears to be quite large, but is still
significantly smaller than the older analysis of Ref. [3]. Recall that no restrictions were put
on the parameters of the model, except for naturalness.
3. Photoproduction Amplitude
We have demonstrated above that the present model for the meson-baryon interaction pos-
sesses at least eight different solutions, which all describe the hadronic data similarly well.
In this Section, we wish to see whether these solutions are compatible with the photoproduc-
tion data, if they are considered as a final-state interaction of the reaction γp→ K+Σpi. For
this purpose it is sufficient to consider the simple ansatz
Mj(W˜ ,Minv) =
10∑
i=1
Ci(W˜ )Gi(Minv) f
i,j
0+(Minv) , (3)
where W˜ and Minv denote the total energy of the system and the invariant mass of the
piΣ subsystem, respectively. For a specific meson-baryon channel i, the energy-dependent
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(and in general complex valued) constants Ci(W˜ ) describe the reaction mechanism of γp→
K+MiBi, whereas the final-state interaction is captured by the standard Höhler partial waves
f0+. For a specific meson-baryon channel i, the Greens function is denoted by Gi(Minv) and
is given by the one-loop meson baryon function in dimensional regularization.
The regularization scales appearing in the Eq. (3) via the Gi(Minv) have already been fixed
in the fit to the hadronic cross sections and the SIDDHARTA data. Thus, the only new
parameters of the photoproduction amplitude are the constants Ci(W˜ ) which, however, are
quite numerous (10 for each W˜ ). These parameters are adjusted to reproduce the invariant
mass distribution dσ/dMinv(Minv) for the final pi+Σ−, pi0Σ0 and pi−Σ+ states and for all
9 measured total energy values W˜ = 2.0, 2.1, . . . , 2.8 GeV. The achieved quality of the
photoproduction fits is listed in the third row of Tab. 1, whereas the χ2d.o.f. of the hadronic
part are stated in the second row. Note that for the comparison of the photoproduction fits
the quantity χ2d.o.f. is not meaningful due to the large number of generic parameters Ci(W˜ ).
Therefore, we compare the total χ2 divided by the total number of data points for all three
piΣ final states, denoted by χ2p.p.. For the same reason it is not meaningful to perform a global
fit, minimizing the total χ2d.o.f..
It turns out that even within such a simple and flexible photoproduction amplitude, only the
solutions #2, #4 and #5 of the eight hadronic solutions allow for a decent description of the
CLAS data. While the total χ2 per data point of these solutions is very close to each other,
the next best solution has a 40% larger total χ2p.p. than the best one.
We have checked this statement for a large number of hadronic solutions randomly dis-
tributed within 1σ band around the central ones. For every such solution a fit to the CLAS
data was performed independently and no significantly better fit was found to those of the
central solution. Therefore, we consider the above exclusion principle of the hadronic solu-
tions as statistically stable. For further discussion on this aspect see Ref. [8].
The best solution is indeed #4, which, incidentally, has also the lowest χ2d.o.f. for the hadronic
part. This solution also gives an excellent description of the Σpipi mass distribution from
Ref. [24], calculated using the method developed in Ref. [1]. With respect to these data,
solution #2 is also satisfactory but #5 is not. Therefore, the photoproduction data combined
with the scattering and the SIDDHARTA data lead to a sizable reduction in the ambiguity
of the second pole of the Λ(1405). The locations of the two poles in these surviving solu-
tions are (1434+2−2 − i 10+2−1) MeV ((1330+4−5 − i 56+17−11) MeV) and (1429+8−7 − i 12+2−3) MeV
((1325+15−15− i 90+12−18) MeV) for the first (second) pole of the solution #2 and #4, respectively.
In fact, the second pole of the surviving solutions is close to the value found in Ref. [5], see
Fig. 2, and also close to the central value of the analysis based on scattering data only [3].
We conclude that the inclusion of the CLAS data as experimental input can serve as a new
important constraint on the antiKaon-nucleon scattering amplitude. However, for future
studies a theoretically more robust model for the two-meson photoproduction amplitude is
required. We propose that a generalization of the one-meson photoproduction model, pre-
sented in Ref. [9, 25], may be the next logical step for this endeavor.
4. New Scattering (Pseudo-) Data
In the last Section, we have demonstrated that modern data indeed allows to put additional
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Figure 3: Comparison of χ2d.o.f. for all 8 solutions and all available as well as
pseudo scattering data. The values are normalized by the χ2d.o.f. of solution #4,
which is used to generate the pseudo-data. Each plot label denotes the assumed
energy binning ∆E and measurement uncertainty ∆σ for the charged (neutral)
final states.
constraints on the antiKaon-nucleon scattering amplitude. To use these data we have used
a very simple ansatz for the two-meson photoproduction amplitude. Another and actually
more direct way to put new constraints on the scattering amplitude is to improve the (cur-
rently very old) cross section data on K−p → ... as proposed in, e.g., Ref. [26] using Kaon
beams at JLab. In the following we study the impact of such, in the future available data if
used complementary to the already available data. In particular, we will estimate the minimal
resolution required for such new data to be capable to rule out some of our 8 solutions.
We start from generating realistic pseudo-data, without discussing further the details of such
measurements. For this we assume our best solution (#4) to be a realistic one and calculate
total cross sections in all six channelsK−p→MB, whereMB ∈ {K−p, K¯0n, pi0Λ, pi+Σ−,
pi0Σ0, pi−Σ+} in the energy range Plab = 100 . . . 300 MeV for various values of the energy
resolution ∆E. To account for the uncertainty of the new measurement, we assume several
values ∆σ. Since neutral channels are usually more complicated to measure the uncertainty
∆σ is assumed to be twice as large as in the charged channels. Finally, realistic pseudo-data
is obtained as a random value around the central one (predicted by the solution #4) normally
distributed with the standard deviation of ∆σ.
For the fixed parameter sets of the model we calculate the new χ2d.o.f. using all available
data together with the new pseudo-data. The results of such a test for different values of
∆E and ∆σ are depicted in Fig. 3. There, the individual values χ2d.o.f. are normalized to
the one of the solution #4, which is used to generate pseudo-data. It is seen that even at
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quite low energy resolution of ∆E = 20 MeV already 3 solutions have twice as large χ2d.o.f.
as the one of solution #4. Thus such solutions could presumably be ruled out by the new
data. On the other hand, it looks like given a too large measurement uncertainty ∆σ none
of the above solutions can be ruled out that easily. Therefore, we conclude from this very
preliminary and qualitative study that for the new data to be restrictive enough the desired
measurement precision should be ∆σ . 4(8) mb for the charged (neutral) final states. The
energy resolutions seems to play a minor role.
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2.18 Opportunities in the Hyperon Spectrum with Neutral Kaon Beam
Vincent Mathieu
Center for Exploration of Energy and Matter
Indiana University
Bloomington, IN 47403, U.S.A.
Abstract
In this talk, I presented the features of the webpage of our model for K¯N scattering. The
future directions concering these reactions were also discussed.
1. As explained in these Proceedings, 1 the hyperon spectrum is of importance for the under-
standing of the strong interaction. In Ref. [1], we presented a unitary multichannel model
for K¯N scattering in the resonance region that fulfills unitarity. This project has led to de-
liverables (such as the partial waves or codes for the various observables). We decided to
create an interactive webpage [2], where the practitioners can download and simulate online
our models. 2
Several coupled channels, indicated in the publication, were considered in the fitting proce-
dure. In the JPAC webpage, the observables and partial waves for the following channels
can be computed
K−p → K−p, K¯0n, pi−Σ+, pi+Σ−, pi0Σ0, pi0Λ.
All observables, differential cross section dσ/dzs, polarization observable P and total cross
section σ, are expressed in terms of the spin-non-flip f(s, zs) and the spin-flip g(s, zs) am-
plitudes with the relations
dσ
dzs
(s, zs) =
1
q2
[|f(s, zs)|2 + |g(s, zs)|2] ,
P
dσ
dzs
(s, zs) =
2
q2
Im [f(s, zs)g
∗(s, zs)] , σ(s) =
∫ 1
−1
dσ
dzs
(s, zs) dzs. (1)
For a given channel (the channel index is omitted), the amplitudes admit a partial wave
expansion
f(s, zs) =
∞∑
`=0
[(`+ 1)R`+(s) + `R`−(s)]P`(zs), (2)
g(s, zs) =
∞∑
`=1
[R`+(s)−R`−(s)]
√
1− z2sP ′`(zs). (3)
In a given meson-baryon channel ` labels the relative orbital angular momentum and the
total angular momentum is given by J = ` ± 1/2. For a detailed relation, in all channels,
between the orbital momentum and the partial waves we refer the reader to Ref. [1].
1See the contribution, in these Proceedings, by César Fernández-Ramírez and Adam Szczepaniak.
2Other projects perfomed by the Joint Physics Analysis Center are also availble online. A short description of these
projects are presented in Ref. [3].
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Figure 1: Spectrum of the Λ (I=0) and Σ (I=1) baryons from Ref. [1].
After removing the barrier factor, the partial waves are parametrized with a K−matrix to
ensure proper 2-body unitarity in the resonance region. The K−matrix is the sum of the
resonance contributions and a empirical background term. Each wave is parametrized and
fitted independently. The detailed procedure is described in Ref. [1]. Finally the partial
waves are analytically continue on the unphysical sheet and the pole positions are extracted.
The resulting spectrum for Λ and Σ baryons is displayed on Figure 1.
The partial waves, binned in energy supplied by the user, can be dowloaded online . The
Fortran code yielding the partial is also available. The differential cross section (together
with the polarization) and the total cross section have also their dedicated pages. The codes
for producing the observables can be both simulated online and dowloaded.
Figure 2: K−p→ K−p differential cross section from Ref. [1] (left) and from
Ref. [4] (right).
The differential cross section peaks in the forward direction as the energy increases as can be
seen on Fig. 2. This is characteristic of the Regge poles. Indeed at high energy, the reaction is
driven by singularities in the complex angular momentum plane. Those Regge poles display
an exponential suppression in the momentum transferred squared t = −2q2(1− cos θ). The
smooth continuation from the resonance region to the Regge region is suggested on Fig. 2.
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We can formalize this phenomenon by a mathematical relation between the resonances and
the Regge poles, the so-called finite energy sum rules. An example of these sum rules
read (for the notation, their derivation and their applications to pion-nucleon scattering, see
Ref. [5]):
1
Λ
∫ Λ
0
ImA(ν, t)dν =
β(t)Λα(t)
α(t) + 1
. (4)
The left-hand side consists in an integration over the resonance region. The right-hand side
is determined by the residue β(t) and the trajectory α(t) of the Regge pole(s) contributing
to the scalar amplitudes A(ν, t) (ν = (s − u)/2 being the crossing variable). In practice,
that means that the high energy data can be used to constrain the parameters of the fit in the
resonances region. Since the energy range for the kaon long beam in this proposal extend
above the resonance region, one could fully exploit the data and the finite energy sum rules
to better constrain the hyperon spectrum.
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2.19 Establishing S = -1 Hyperon Resonances Using Kaon-Induced Meson
Productions within Dynamical Coupled-Channels Approach
Hiroyuki Kamano
Research Center for Nuclear Physics
Osaka University
Ibaraki, Osaka 567-0047, Japan
Abstract
We give an overview of our recent effort for the spectroscopy of strangeness S = −1
hyperon resonances (Y ∗), which has been made through a comprehensive partial-wave anal-
ysis of the K−p → K¯N, piΣ, piΛ, ηΛ,KΞ reactions within a dynamical coupled-channels
(DCC) approach. It is found that the existing K−p reaction data are not sufficient to unam-
biguously determine partial-wave amplitudes and properties (pole masses and residues, etc.)
of Y ∗ resonances. We then discuss what new data are actually needed for further establishing
Y ∗ resonances.
1. Introduction
So far, a number of Λ∗ and Σ∗ resonances with strangeness S = −1 (collectively referred
to as Y ∗) have been reported as listed by Particle Data Group (PDG) [1]. However, those
are much less understood than the nonstrange N∗ and ∆∗ resonances. For example, most of
the Σ∗ resonances are poorly established. In fact, just 6 out of 26 reported Σ∗ resonances
are rated as “four-star" by PDG, and unlike the N∗ and ∆∗ resonances, even the existence of
low-lying resonances is still uncertain. Furthermore, the spin and parity quantum numbers
have not been determined for quite a few Y ∗ resonances [1].
Another issue that should be noted for Y ∗ resonances is that until very recently, only the
so-called Breit-Wigner mass and width were listed by PDG with a few exception (see, e.g.,
2012 edition of PDG [2]). This is also in contrast to the N∗ and ∆∗ cases, where resonances
defined by poles of scattering amplitudes have also been extensively studied, and both of the
pole and Breit-Wigner results have been listed by PDG for a long time. It is known (see, e.g.,
Ref. [3]) that a resonance mass defined by the pole of scattering amplitudes is equivalent to an
exact (complex-)energy eigenvalue of the full Hamiltonian of the underlying theory, namely
the Quantum Chromodynamics (QCD) in this case, under the purely outgoing boundary
condition. Thus extracting resonances defined by poles from reaction data is essential to
testing QCD in the confinement domain, and such a test is now becoming reality with the
help of the Lattice QCD simulations (see, e.g., Refs. [4–7]).
In this situation, a first attempt of a comprehensive and systematic partial-wave analysis of
K−p reactions to extract Y ∗ resonances defined by poles was accomplished by the Kent
State University (KSU) group in 2013 [8, 9], and then by our group using the dynamical
coupled-channels (DCC) approach [10,11]. (Recently, a reanalysis of the KSU single-energy
solution [8] using an on-shell K-matrix approach has been done in Ref. [12].) Here it is
emphasized again that it is only in recent years that this kind of comprehensive study to
extract pole information from reaction data began for the Y ∗ resonances.
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The basic formula of our DCC approach [10,13,14] is the coupled-channels integral equation
for the partial-wave amplitudes:
T
(JP I)
b,a (pb, pa;W ) = V
(JP I)
b,a (pb, pa;W )+
∑
c
∫
dpc p
2
cV
(JP I)
b,c (pb, pc;W )Gc(pc;W )T
(JP I)
c,a (pc, pa;W ) .
(1)
Here, the subscripts (a, b, c) represent the meson-baryon channels we have considered, i.e.,
K¯N , piΣ, piΛ, ηΛ, KΞ, piΣ∗, and K¯∗N , where the last two are the quasi-two-body chan-
nels that subsequently decay into the three-body pipiΛ and piK¯N channels, respectively;
V
(JP I)
b,a (pb, pa;W ) denotes the potential driving the transition from the channel a to the chan-
nel b; and Gc(pc;W ) denotes the Green’s function for the channel c. In our approach,
the transition potential consists of hadron-exchange diagrams derived from effective La-
grangians. By solving Eq. (1), one can sum up all the possible transition processes between
reaction channels considered, and this ensures the multichannel two-body as well as three-
body unitarity for the resulting amplitudes. Furthermore, off-shell rescattering effects, which
are usually neglected in on-shell approaches, are also taken into account properly through
the momentum integral appearing in the right hand side of Eq. (1). Actually, these features
make our model quite unique among existing models of meson production reactions.
In this contribution, we first give an overview of our recent efforts for the Y ∗ spectroscopy
through the comprehensive partial-wave analysis of the K−p reactions within our DCC ap-
proach in Sec. 2. Then, in Sec. 3, we discuss and give prospects for what new data for
anti-Kaon induced reactions are needed for further establishing Y ∗ resonances.
2. Results of DCC Analysis for K−p Reactions
In Ref. [10], we have constructed models for the S = −1 sector within the DCC approach by
analyzing the data of K−p→ K¯N, piΣ, piΛ, ηΛ, and KΞ reactions up to W = 2.1 GeV. The
analysis takes into account all available data for both unpolarized and polarized observables
as far as we found in the considered energy region, and it results in fitting to more than
17,000 data points. From this analysis, we have determined the partial-wave amplitudes
for the K−p → K¯N, piΣ, piΛ, ηΛ, and KΞ reactions not only for S wave but also higher
partial waves including P , D, and F waves. Furthermore, the threshold parameters such
as scattering lengths and effective ranges have also been determined for the K¯N , ηΛ, and
KΞ scatterings. We then extracted in Ref. [11] the parameters associated with Y ∗ resonances
such as mass, width, and coupling constants defined by poles of scattering amplitudes within
our constructed models.
In Fig. 1, we present several results of our fits to the data forK−p→ K−p (see Refs. [10,11]
for the full details of our analysis). Here it is found that two curves (red solid and blue dashed
curves) are plotted in each panel. As will be discussed later, this is because the availableK−p
reaction data are not sufficient to constrain our reaction model unambiguously, but it allows
us to have two distinct sets of our model parameters, yet both give almost the same χ2 value.
Thus these two curves may be viewed as a measure of ambiguity in our analysis originating
from the insufficient amount and accuracy of the current existing data. Hereafter we call
them Model A and Model B, respectively. Our two models reproduce not only the total
cross sections but also the “angle-dependent quantities" such as the differential cross section
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Figure 1: Several results of our fits to the data forK−p→ K−p scattering from
Ref. [10]. Total cross section σ (the leftest panel), differential cross section
dσ/dΩ (middle panels), and recoil polarization P (right panels) are presented.
Red solid and blue dashed curves represent the results of our two analyses,
Model A and Model B, respectively. The references for the data can be found
in Ref. [10].
(dσ/dΩ) and recoil polarization (P ) very well over the entire kinematical region where the
data are available. We have confirmed that the other reaction data are also well reproduced.
Figure 2 shows a comparison of extracted Y ∗ mass spectra between our two models [10,11]
and the KSU analysis [8, 9]. The extracted masses show an excellent agreement for several
resonances, but in overall, they are still fluctuating between our two models and the KSU
analysis. Again, this is because the existingK−p reaction data are not sufficient to determine
the Y ∗ mass spectrum, and without new data this level of analysis dependence will not be
avoidable. Although the extracted spectrum is still analysis dependent, we found a couple
of new Y ∗ resonances that are quite interesting. One is a new JP = 3/2− Λ resonance
located near the ηΛ threshold found in Model B. The width of this new resonance is ∼
10 MeV, which is much narrower than usually expected for light-quark baryon resonances.
As shown in Ref. [10], the contribution of this new resonance is hardly seen in most of the
reaction observables considered in our analysis, but it is turned out that the new resonance is
responsible for reproducing the concave-up behavior of differential cross section forK−p→
ηΛ near the threshold. Thus the angular dependence of the K−p → ηΛ differential cross
section data seems to favor the existence of this narrow resonance. Another interesting
finding is that Model B further presents a new JP = 1/2− Λ resonance with the mass close
to Λ(1520)3/2−. It is often discussed in quark models that the Λ(1405)1/2− is the spin
partner of Λ(1520)3/2−. However, from this result, this new S-wave resonance might be
the true spin partner. It would also be worthwhile to mention that a number of low-lying
Σ∗ resonances located just above the K¯N threshold are found, and those may correspond
to the one-star and two-star resonances assigned by PDG. For further confirmation of these
interesting Y ∗ resonances, however, more extensive and accurate data of anti-Kaon induced
reactions are definitely needed.
Figure 3 shows the branching ratios for the Y ∗ resonances extracted from our two models,
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Figure 2: Comparison of mass spectra for Y ∗ resonances defined by poles of
scattering amplitudes [11]. Spectra in red and blue are the results from Model A
and Model B [11], respectively, while the spectrum in green is obtained by the
KSU analysis [9]. As a reference, the Breit-Wigner masses and widths for
the four- and three-star resonances assigned by PDG [1] are also presented in
black.
Figure 3: Branching ratios for Y ∗ resonances extracted from Model A and
Model B [11].
Models A and B. It is found that most resonances have large branching ratios for the K¯N and
piΣ channels, and also for the piΛ channel for the Σ∗ resonances. However, as indicated by
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black arrows in Fig. 3, high-mass resonances also have large branching ratios for the quasi-
two-body piΣ∗ and K¯∗N channels, which subsequently decay into the three-body pipiΛ and
piK¯N channels. This suggests that the three-body production reactions would also play an
important role for establishing high-mass Y ∗ resonances. This situation is quite similar to
the N∗ and ∆∗ resonances, where the high-mass resonances decay dominantly to the three-
body pipiN channel (see, e.g., Fig. 6 of Ref. [15]), and the pipiN production data are expected
to be the key to establishing high-mass N∗ and ∆∗ resonances (see, e.g., Refs. [16, 17]).
In fact, this is the motivation for the planned measurement of piN → pipiN reactions at
the J-PARC E45 experiment [15]. It is also worthwhile to mention the JP = 7/2+ Σ
resonance. This resonance is assigned as a four-star resonance by PDG [1] [Σ(2030)7/2+
in the PDG notation], and our two models actually give almost the same mass value, i.e.,
Re(MR) = 2025 MeV for Model A and Re(MR) = 2014 MeV for Model B. However, one
can see that the component of the branching ratios for the quasi-two-body channels is rather
different between the two models: In Model A, it is dominated by K¯∗N (piK¯N ) channel,
while in Model B it is dominated by piΣ∗ (pipiΛ) channel. This indicates that our knowledge
on the three-body channels is still poor even for the four-star resonance.
Figure 4: Kinematical coverage of K−p reaction data included in our analysis.
The horizontal axis is cosine of the scattering angle in the center-of-mass frame
and the vertical axis is the total scattering energy. The blue line in each panel
represents the threshold of the corresponding reaction.
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Now we make some comments on the kinematical coverage of the data forK−p→ K¯N, piΣ,
piΛ, ηΛ, and KΞ included in our analysis. It is summarized in Fig. 4. It is well known
that for (0−) + (1/2+) → (0−) + (1/2+) reactions the differential cross section (dσ/dΩ),
recoil polarization (P ), and spin-rotation angle (β) form a “complete set" of observables [18,
19]. Therefore, one needs to have high statistics data for all the three observables in order
to determine the scattering amplitudes accurately and accomplish a reliable extraction of
resonance parameters. However, from Fig. 4 one can see that the existing data are far from
complete. The kinematical coverage of dσ/dΩ, P , and their products P × dσ/dΩ are still
small for most reactions, and no data of β are available for all reactions. Furthermore, even
though the data exist, some data sets have large statistical errors and are even conflicting
with each other (see Ref. [10] for the details). Because of this, there still exist ambiguities
in our constructed models, even though they reproduce the existing data very well. Actually,
this can be seen, e.g., from the spin-rotation angles predicted from our two models and
the KSU analysis, which can be found in Fig. 28 of Ref. [10]. Although the three analyses
reproduce the existing data equally well, significant difference appears in the predicted value
of the spin-rotation angles, particularly at higher W . It is therefore highly desirable that the
complete experiments of K¯N reactions will be performed at J-PARC using charged Kaon
beam as well as at JLab using neutral Kaon beam.
3. Discussions and Prospects for Y ∗ Spectroscopy using anti-Kaon Induced Reactions
Figure 5: Strategy and necessary data for establishing Y ∗ resonances using
anti-Kaon induced reactions.
As we have seen in the previous Section, the existing K¯N reaction data are not sufficient to
eliminate analysis dependence in the extracted Y ∗ resonance parameters, and, as depicted in
Fig. 5, more extensive and accurate data for both two-body and three-body productions are
necessary for further establishing Y ∗ resonances. In particular, the complete experiments
160
measuring all polarization observables will be the key to resolving this issue. In this regard,
some discussions are ongoing with experimentalists to examine possible new experiments
measuring K¯N reactions at J-PARC [20]. Experiments using neutral Kaon beam at JLab
is also highly desirable. Actually, K0Lp reaction has a great advantage since it exclusively
produces Σ∗ resonances in the direct s-channel processes due to the isospin selection, and
thus the combined analysis of both charged- and neutral-Kaon induced reactions off the
nucleon would be the best way for completing the Y ∗ spectroscopy.
On the other hand, the K¯N reactions are not so suitable for studying the low energy region,
indicated by the blue dashed circle in Fig. 5. There are two reasons for this: (i) the K¯N
reactions cannot directly access the region below the K¯N threshold, and (ii) experimentally
it is not easy to measure the K¯N reactions in the region just above the K¯N threshold because
of difficulty in producing low momentum Kaon beam. However, studying this energy region
is very important because a number of interesting Y ∗ resonances exist or are suggested to
exist, such as Λ(1405), poorly established low-lying Σ∗ resonances, and a possible new S-
wave Λ resonance that might be a “true" spin partner of Λ(1520)3/2+ as mentioned in Sec. 2.
Therefore, we have recently started an application of our DCC approach to the deuteron-
target reaction, K¯d→ piY N , which is being measured at the J-PARC E31 experiment [21].
This is because for this reaction the piY system in the final state can access the low energy
region indicated by the blue dashed circle in Fig. 5, even if the momentum of the incoming
Kaon is rather high. With this application, we aim at a combined analysis of both K¯N and
K¯d reactions so that we can cover the whole energy region relevant to the Y ∗ spectroscopy.
The construction of the model for the deuteron-target reactions is underway, and it will be
presented elsewhere.
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2.20 Strangeness Physics at CLAS in the 6 GeV Era
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Abstract
A very brief overview is presented of varied strangeness-physics studies that have been
conducted with the CLAS system in the era of 6 GeV beam at Jefferson Lab. A full bibliog-
raphy of articles related to open strangeness production is given, together with some physics
context for each work. One natural place where these studies could be continued, using a KL
beam and the GlueX detector, is in the further investigation of the Λ(1405) baryon. The line
shapes and cross sections of this state were found, using photoproduction at CLAS, to dif-
fer markedly in the three possible Σpi final states. The analogous strong-interaction reactions
using a KL beam could further bring this phenomenon into focus.
1. The CLAS program ran from 1998 to 2012, during the time when the maximum Jefferson
Lab beam energy was 6 GeV. An important thrust of this program was to investigate the spec-
trum of N∗ and ∆∗ (non-strange) baryon resonances using photo- and electro-production
reactions. To this end, final states containing strange particles (K mesons and low-mass
hyperons) played a significant role. The reason for this is partly due to favorable kinemat-
ics. When the total invariant energy W (=
√
s) of a baryonic system exceeds 1.6 GeV it
becomes possible to create the lightest strangeness-containing final state, K+Λ. This is a
two-body final state that is straightforward to reconstruct in the CLAS detector system [1],
and theoretically it is easier to deal with two-body reaction amplitudes than with three- and
higher-body reaction amplitudes. In the mass range W > 1.6 GeV the decay modes of
excited nucleons tend to not to favor two-body pi-nucleon final states but rather multi-pion
states. As input to partial-wave decompositions and resonance-extraction models, therefore,
the strangeness-containing final states of high-mass nucleon excitations have had impor-
tance. Excited baryons decay through all possible channels simultaneously, constrained by
unitarity of course, and channel-coupling is crucial to determining the spectrum of excita-
tions. Within this mix of amplitudes, however, theKY decay modes have proven useful. The
end result has been, as summarized in the recent edition of the Review of Particle Proper-
ties [2], clearer definition of the spectrum of baryonic excitations, with definite contributions
from the strangeness sector channels.
To this end, strangeness photoproduction cross sections measurements at CLAS for the
K+Λ, K+Σ0 and K0Σ+ channels on a proton target were published [3–6]. Cross sections
are not enough, in general, to define the reaction mechanism, including the underlying N∗
excitation spectrum. Photoproduction of pseudo-scalar mesons is described by four complex
amplitudes, leading to fifteen spin observables in addition to the cross section. Full knowl-
edge of these spin observables would exhaust the information that can be gleaned experimen-
tally about any given reaction channel. Here the hyperonic channels offer another advantage
when compared with the non-strange reaction channels: the polarization of most hyperons
can be measured directly through their parity-violating weak decay asymmetries. Unlike
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the polarization of nucleons, that require recoil polarimeter instrumentation and secondary
scattering to measure, the hyperons reveal their polarization states directly in the angular
distribution of their decay products. CLAS published photoproduction measurements for
a number of the observables that involve the recoiling hyperons and/or circularly polarized
photons, specifically P , Cx and Cz [3, 5, 7–9]. Additional work was done on observables
involving linearly polarized photons [10] and/or a polarized hydrogen target in the FROST
program, both in combination with hyperon polarization. This included the observables Σ,
T , E, Ox andOz. Other spin observables are still under analysis. In principle, a complete set
of observables can be measured for the KY photoproduction reactions, meaning that at any
given energy and production angle all 16 observables can be separated using a finite number
of measurements. The CLAS program has, in principle, enough data in hand to make this a
reality for the K+Λ and K+Σ0 reactions on the proton, but is has not been achieved so far,
mainly on account of limits in statistical precision. Exploratory cross section measurements
on a neutron (deuteron) target have also been published [11]. On the model-building side, all
these observables have been analyzed, for example, in the framework of K-matrix coupled
channels PWA calculations by the Bonn-Gatchina group and collaborators [12–18], and also
the Argonne-Osaka Collaboration [19].
Photoproduction measurements probe nucleon excitations with zero net 4-momentum trans-
fer to the target (Q2 = 0). Electroproduction measurements add the degree of freedom of
Q2 > 0, which brings in the “longitudinal" virtual photon degree of freedom and the asso-
ciated interference amplitudes between the photon polarization components. CLAS results
on electroproduction of K+Λ and K+Σ0 final states off the proton have been published for
values of 0.3 < Q2 < 2.6 GeV2 [20–26]. The results include include separation of the cross
sections into 5 structure functions, as well as measurement of the hyperon recoil polariza-
tion and the beam-hyperon polarization transfer observables. Model-building approaches
have generally followed in the path of photoproduction work, with the addition of hadronic
form factors to address the Q2 dependence of resonance contributions.
One can inquire into hadronization properties of quarks propagating in the nuclear medium
as a function of variable such as the hadronic fraction z of the detected final-state meson and
the hadron transverse momentum. CLAS investigated this nuclear dependence for neutral
Kaons, comparing multiplicities of Kaons in heavy nuclei to those in deuterium [27]. This
was the only study done at CLAS in the area of nuclear effects with strange particles.
Cross sections for pseudo-scalar meson photoproduction are predicted to scale as s7 at high
energies and large t in perturbative QCD [28] and also some other reaction models. This
phenomenon was confirmed decades ago for pion photoproduction. Analysis of CLAS data
confirmed this behavior for the first time in K+Λ photoproduction as well [29]. The same
study also illustrated the transition in W from the resonance region, where high-mass reso-
nances near 1920 and 2100 MeV contribute to the mechanism, to the scaling behavior that
dominates at higher W .
At the partonic level, in many high-energy reactions, phenomenology shows that the cre-
ation of ss¯ quark pairs is suppressed by a factor of roughly 5 compared to creation of uu¯
and dd¯ pairs. The mass difference between the quarks is presumably at the root of this ef-
fect. It was shown with CLAS that this suppression extends to electroproduction reactions
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at the comparatively low energies leading to exclusive KY final states when compared to
exclusive piN final states [30]. Also, new limits on baryon non-conservation in the decay
of the Λ hyperon [31] have been published. Furthermore, the structure of excited baryons
can be related to their radiative decay branching fractions. CLAS published radiative decay
fractions for the Σ0(1385), the Σ+(1385), and the Λ(1520) [32–34].
The possibility of an exotic pentaquark state known as the Θ+(1520) caused world-wide
excitement in the hadronic physics community over a decade ago. Initially, a hint of such
a state was seen and reported by CLAS based on some already-existing data [35, 36], but
subsequent dedicated searches with higher statistics and better background control found no
support for this or similar states [37–41].
Differential photoproduction cross sections for the excited hyperons were measured simul-
taneously for the Σ(1385), the Λ(1405) and the Λ(1520) [42], and for the Λ(1520) in elec-
troproduction [43]. All three hyperons showed t-channel-like behavior at high W , with
some evidence for high-mass N∗ contributions near their respective thresholds. However,
the Λ(1405) showed an unexpected and unexplained charge dependence among the three
available decay modes, Σ+pi−, Σ−pi+ and Σ0pi0, near the reaction threshold. The effect was
not seen in the case of the Λ(1520), indicated that something is special about the Λ(1405).
The structure of the Λ(1405) was investigated in the reaction γ + p → K+ + Σ + pi to
determine the invariant mass distributions or “line shapes" of the Σ+pi−, Σ−pi+ and Σ0pi0
final states, from threshold at 1328 MeV/c2 through the mass range of the Λ(1405) and the
Λ(1520), for center-of-mass energies 1.95 < W < 2.85 GeV [44, 45]. The three mass dis-
tributions differ strongly in the vicinity of the I = 0 Λ(1405), indicating the presence of
substantial I = 1 strength in the reaction. Background contributions to the data from the
Σ0(1385) and from K∗Σ production were studied and shown to have negligible influence.
The nature of this I = 1 component has not been understood fully, but initial model cal-
culations based on the chiral unitary ansatz have been made [46–49]. The I = 0 nature
of the Λ(1405) is consistent with chiral unitary model approaches that indicate a composite
structure of two pole. One couples strongest to the K¯N channel (subthreshold) and the other
couples strongest to the Σpi channel (the open decay channels) [50–54]. It was furthermore
experimentally determined at CLAS for the first time that the spin and parity of the Λ(1405)
is JP = (1/2)− [55], as had long been assumed. A first-time measurement of electropro-
duction of the Λ(1405) was published [56] that suggested again that the line shape of this
hyperon is indicative of structure more complex than a single Breit-Wigner-type resonance.
The next category of hyperons investigated at CLAS were the S = −2 cascade resonances.
Photoproduction of the Ξ−(1321) and its first excitation, the Ξ−(1530), were measured [57,
58]. However, none of the expected higher-mass cascades that are expected in the quark
model were revealed in the available energy range, despite considerable effort.
All the reaction channels itemized above involved hyperon production in association with
the ground-state pseudo-scalar Kaons. But there has also been some investigation of vector
strange meson photoproduction leading to the final states K∗+Λ and K∗+Σ0 [59] and also
K0Σ∗ [60].
Looking ahead, the CLAS12 program [61] is scheduled to begin data taking in about 2017,
and there are hyperon spectroscopy measurements planned for that new era of research. A
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continued search for excited cascade hyperons is one example, and there are even plans to
detect photoproduction of the triply-strange Ω− baryon.
Figure 1: Creation and decay of the Λ(1405) baryon via photoproduction (left)
and via hadronic production using a KL beam (right). In either case the ex-
change of an off-shell Kaon allows production of the Λ(1405), which lies be-
low the K¯N threshold.
Turning to the prospects of using a KL beam in conjunction with the GlueX detector, one
can ask whether the CLAS program, as it has been very briefly outlined here, serves as
an impetus for new research. One idea to consider is to extend the cited studies of the
still-mysterious Λ(1405) hyperon. Does its line shape depend on the manner in which it is
produced, as currently thought, in light of the chiral unitary model approaches ? Can its
line shape be precisely measured using a KL beam and the excellent resolution and particle
identification capabilities of GlueX [62] ? Figure 1 shows a comparison of sample diagrams
for production of this hyperon via photon and Kaon beams. What they have in common
is that the exchanged Kaon is off shell, allowing entry into the sub-threshold K¯N regime
where this hyperon exists. The method proved fruitful in the photoproduction case, and so by
analogy one may expect to create the state in the KL beam case as well. A very preliminary
check of existing data, which is exceedingly sparse, suggests that the cross section is in the
range of 250 micro-barns, which in turn could lead to a reaction rate of, very roughly, one
event per few seconds. One favorable aspect of such a measurement program would be that
no Kaons need to be detected in the final state with GlueX, while photon detection capability
would be very important indeed. No acceptance calculations for an actual experiment have
been carried out yet for this discussion.
In conclusion, the CLAS program of hyperon physics has produced a sizable harvest of
hyperon and strangeness-related results. These have helped define the spectrum of non-
strange excited states, reveal the reaction mechanisms for the photo- and electro- production
of several ground state and excited state hyperons, test some quark model and QCD-related
phenomenology, and shed further light onto the nature of the Λ(1405) state. The further
study of the latter state may by one place where future work using a KL beam in conjunction
with GlueX would be of interest.
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2.21 Lattice Studies of Hyperon Spectroscopy
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Abstract
I describe recent progress at studying the spectrum of hadrons containing the strange quark
through lattice QCD calculations. I emphasise in particular the richness of the spectrum re-
vealed by lattice studies, with a spectrum of states at least as rich as that of the quark model. I
conclude by prospects for future calculations, including in particular the determination of the
decay amplitudes for the excited states.
1. Introduction
The calculation of the spectrum of QCD using lattice simulations has long been a key quest of
the lattice community. For the case of the lowest-lying hadrons, they form a vital benchmark
of our ability to describe the strong interactions through lattice calculations: the spectrum
is well established from experiment. A noticeably high-profile example of such a calcula-
tion is that of the BMW Collaboration [1], whereby the spectrum of the lowest-lying states
containing the u, d and s quarks exhibited remarkable agreement with experiment. Such cal-
culations require a high degree of control over the systematic uncertainties inherent to lattice
calculations, namely those arising from the finite volume in which they are performed, finite
lattice spacing, and, finally, the need until recently to extrapolate from unphysical u and d
quark masses to the physical light quark masses. It worth noting here that the quark masses
are not themselves physical observables, but are tunable parameters in the calculations that
are tuned to ensure that certain mass ratios attain their physical values.
The calculation of the excitations of the theory, the excited-state spectrum, provides an im-
portant predictive opportunity for lattice QCD, yet imposes still further challenges. Nowhere
are the opportunites for predictions more apparent than in the spectrum of hyperons, where
so few of the states anticipated have been seen in experiment, and where the quantum num-
bers of the states that have been observed are often poorly established. The aim of this
talk is to review our current knowledge of hyperon spectroscopy, to outline the challenges
that are being overcome to advance that knowledge, and to emphasise the role that lattice
calculations will play in the future hyperon physics program.
2. The flavor structure of excited baryons
Lattice QCD is formulated in Euclidean space, thereby admitting the use of importance
sampling that is essential to numerical calculations of QCD. The spectrum of the theory is
determined through observing the temporal decay of time-sliced correlation functions, i.e.,
C(t) =
∑
~x
〈0 | OJP (~x, t)O¯JP (~0, 0) | 0〉 −→ Ane−Mnt, (1)
where OJP is an interpolating operator of specified spin and parity JP , and Mn are the
masses of the states of those quantum numbers. That these are real, rather than imaginary,
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exponentials is reflective of working in Euclidean space. Extracting subleading terms in a
sum of exponentials from a single correlation function is a challenging task, though various
techniques, such as the sequential-Bayes method [2], have been attempted. A robust way of
extracting the subleading contributions is by means of the variational method, whereby we
compute a matrix of correlation functions
Cij(t) =
∑
~x
〈0 | OJPi (~x, t)O¯J
P
j (~0, 0) | 0〉 −→ Anije−Mnt, (2)
where {OJPi : i = 1, . . . , N} is a basis of operators, each having common quantum numbers.
We now solve the generalized eigenvalue equation
C(t)u(t, t0) = λ(t, t0)C(t0)u(t, t0) (3)
yielding a set of real eigenvalues {λn(t, t0) : n = 1, . . . , N}with corresponding eigenvectors
{un(t, t0) : n = 1, . . . , N}, where, for sufficiently large t, we have λ0 ≥ λ1 ≥ . . . . These
eigenvalues have the property that, for sufficiently large t and t0
λn(t, t0)→ (1− A)e−Mn(t−t0) + Ae−(Mn+∆M)(t−t0). (4)
We have thus delineated between the different subleading exponentials. Furthermore, the
eigvenvector corresponding to a particular state in the spectrum provides important informa-
tion as to the structure of the state. In particular, we can express the spectral decomposition
of the correlation functions as
Cij(t) =
∑
n
Zn∗i Z
n
j
2Mn
e−Mnt,
where
Zni ≡ 〈n | O†i | 0〉 =
√
2Mne
Mnt0/2un∗j Cji(t0) (5)
for an eigenvectors un obtained at some reference time t = tref . We will exploit this fea-
ture below to determine the dominant operators corresponding to the varioius states in the
spectrum.
The efficacy of the variational method relies on three features. Firstly, on a basis of opera-
tors that faithfully spans the structure of the different states. Secondly, on an efficient means
of computing the correlation functions of Eqn.(2). Thirdly, on having a sufficiently large
signal-to-noise ratio to render the solution of the generalized eigenvalue equation feasible.
In the calculations of the Hadron Spectrum Collaboration that I will emphasise in this talk,
the second requirement is satisfied through the use of “distillation" [3] and its stochastic vari-
ants [4], whilst the third through the use of a so-called anisotropic lattice [5, 6] with a fine
temporal lattice spacing to allow the expontial fall-off of correlation functions to be resolved
at small temporal separations, and through exploiting the translational symmetry of the lat-
tice to make many calculations of the correlation function on a single gauge configuration.
For this workshop, I will focus on thie first of these issues, namely the construction of a
suitable operator basis.
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Table 1: The table shows the different baryons that can be constructed from the
light u, d and s quarks, together with their isospin, strangeness and SU(3)F
flavor content.
Baryon I S SU(3)F
N 1
2
0 8F
∆ 3
2
0 10F
Λ 0 0 1F
8F
Σ 1 −1 8F
10F
Ξ 1
2
−2 8F
10F
Ω 0 −3 10F
We begin by expressing baryon interpolating operators of definite JP as [7, 8]
OJP ∼
(
FΣF ⊗ (SPs)nΣS ⊗D
[d]
L,ΣD
)JP
, (6)
where F , S and D are the flavor, Dirac spin and orbital angular momentum parts of the wave
function, and the Σ’s express the corresponding permutation symmetry: - Symmetric (S),
mixed-symmetric (MS), mixed anti-symmetric (MA), and antisymmetric (A). The construc-
tion of the flavor and spin components of the interpolating operators is straightforward.
Non-zero orbital angular momentum is introduced through the use of gauge-covariant deriva-
tives, written in a circular basis and acting on the quark fields. In the notation above, D[d]L,ΣD
corresponds to an orbital wave function constructure from d derivatives, and projected onto
orbital angular momentum L. In the calculations described here, up to two covariant deriva-
tives and employed, enabling orbital angular momentum up to l = 2 to be acessed. Of
particular note is the mixed-symmetric combination D[2]L=1,M , the commutator of two covari-
ant derivatives projected to L = 1, that corresponds to a chromo-magnetic field that would
vanish for trvial gauge field configuration; operators with this construction we identify as
hybrid operators, associated with a manifest gluon content [9]. Whilst the lack of rotational
symmetry introduced through the discretization onto a finite space-time lattice has the con-
sequence that angular momentum is no longer a good quantum number at any finite spacing,
we find in practice that the spectrum shows a remarkable realization of rotational symme-
try, enabling the “single-particle" spectrum to be classified according to the total angular
momentum of the states, illustrated in Figure 1 below.
Our published work on the flavor structure of the excited baryon spectrum was obtained
for three difference quark masses, corresponding to mpi = 702, 524 and 391 MeV, with
the strange quark maintained at its physical value; the largest pion mass corresponds to
three degenerate quark masses, i.e., the SU(3) flavor-symmetric point. We classify the flavor
structure of the three-quark interpolating operators that can be constructed from the ud, d and
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s quarks according to their SU(3)F flavor composition, corresponding to octet (8F), decuplet
(10F) and singlet (1F), detailed in Table 1. We find that, even at the lightest pion mass used
in our calculations, where SU(3)F is most severely broken, the states are dominated by a
particular SU(3)F representation, illustrated in Figure 1.
Figure 1: The magnitudesCij/
√
CiiCjj of the elements of the correlator matrix
of Eqn.(2), normalized to the diagonal elements, at a separation of 5 time slices
and at a pion mass of 391 MeV. The plot shows the correlation matrix not only
to be block-diagonal in spin, but also block diagonal in flavor.
The spectrum is encapsulated in Figure 2, for the calculation at mpi = 391 MeV, showing
the dominant flavor structure for each state represented as blue (8F), yellow (10F) and beige
(1F). The spectrum that emerges has several remarkable features:
(a) The spectrum is remarkably rich, displaying a counting of states satisfying SU(6) ⊗
O(3) symmetry, and beyond that expected in a simple quark-diquark picture of a
baryon.
(b) There are additional positive-parity states which we label “hybrid" baryons, denoted
in the figure by the bold borders, with a mass around 1.2 GeV above their non-hybrid
cousin,s that we identify through their dominant coupling to the hybrid operators intro-
duced above, illustrated in Figure 3 [9].
(c) The mixed-flavor states, the Λ, Σ and Ξ, exhibit multiplicities expected from exact
SU(3) flavor symmetries. Thus the Ξ, for example, has a spectrum corresponding to
the superposition of multiplicities of the 8F and 10F exact SU(3)F expectations, seen
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clearly by comparing the low-lying band for the Ξ with that of the octet Nucleon and
decuplet ∆.
Figure 2: The figures show the spectrum of baryon states composed of u, d and
s quarks, obtained on a 163 × 48 anisotropic lattice [8]. The bands denote the
lowest-lying states identified with SU(6) ⊗ O(3) symmetry, whilst the states
with bold borders denote those identified as hybrid sates, as discussed in the
text.
There are features of the calculated spectrum that are qualitatively different to experiment,
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Figure 3: The figure, taken from Ref. [9], shows the relative overlaps, defined
through Eqn.(5), of the lowest-lying states in the positive parity nucleon spec-
trum. Those operators labelled 2hyb and 4hyb correspond to the commutator of
two gauge-covariant derivatives; the states in blue are those dominated by such
operators which we identify as “hybrid" baryons.
notably the anomalously low masses of the Roper and of the Λ(1405)−. In the case of the
latter, a recent calculation using different source and sink smearing radii found a level or-
dering consistent with that observed [10], and there are arguments that the Λ(1405)− is a
K¯N molecule, based on the calculated vanishing of its strange magnetic form factor [11];
it should be noted, however, that the interpretation of the electromagnetic properties of a
two-particle state from a calculation on a finite lattice requires considerable theoretical anal-
ysis [12]. However, a comprehensive understanding of the spectrum of hyperon must reflect
the fact that in general these states are resonances, unstable under the strong interactions.
3. Resonances and Lattice QCD
Lattice QCD is formulated in Euclidean space, and the energies entering into the spectral
decomposition of Eqn.(2) are real. In the finite spatial volume in which are calculations are
performed, those energies are quantised and should include the two- and higher-body scat-
tering states that must be present in the spectrum. For non-interacting particles, the energies
of those multi-hadron states are given by the symmetries of the box in which were are per-
forming our calculations, and the allowed three momenta of the states. The finite spatial
volume forces those scattering states to interact thereby shifting the energies from their non-
interacting values. For the case of elastic scattering, the so-called Lüscher method enables
the shift in energies at a finite volume to be related to the infinite volume phase shift [13,14];
this was shortly thereafter extended to states with non-zero total momentum [15], enabling a
far finer resolution of the momentum-dependent phase shifts.
In the meson sector, and using the distillation method introduced above, the precise calcu-
lation of the momentum-dependent phase shifts for states such as the ρ meson in I = 1 pipi
scattering has now been accomplished [16]. More recently, the formalism has been extended
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to the extraction of the momentum-dependent amplitudes for inelastic scattering [17–20],
and applied to the piK − ηK [21, 22] and the coupled pipi − K¯K system [23].
Analogous calculations in the baryon sector are less advanced. Firstly, we note that the
multi-hadron states that we would expect to observe in the baryon spectrum appear absent in
the spectrum presented in Figure 2. The reason is simply that the three-quark interpolating
operators that forms the basis for the application of the variational method have a coupling to
multi-hadron states in Eqn.(5) that is suppressed by the spatial volume compared to that for
“single-hadron" states. Key to the meson results cited above has been the introduction into
the variational basis of multi-meson operators, at both zero and non-zero total momentum,
for which the coupling to two-hadron states is not suppressed. The first steps have been
taken to include multi-hadron Npi operators into the excited nucleon basis [24, 25], with the
expected spectrumNpi energy emerging, and meson-baryon phase shifts for several channels
have been computed using the same anisotropic lattice formulation employed here [26]. The
application of the variational method with as faithful a basis as that used in the meson sector
is more limited by computational requirements, which are considerably more demanding,
than by theoretical background.
4. Summary
There has been enormous progress, both theoretical and computational, aimed at extract-
ing the excited-state spectrum of QCD. Precise calculations of momentum-dependent phase
shifts have been obtained for the meson spectrum, and the formalism developed that can
be applied to baryons. The most important conclusion of this talk is the richness of the
hyperon spectrum, encompassing not only those states expected in the quark model, but ad-
ditional hybrid states in which the gluons are manifest. In the coming years, the tools that
have been developed for understanding the amplitudes and decays of resonances from lattice
QCD calculations, and applied to the excited meson spectrum, will be applied to the excited
baryon sector, both guiding and interpreting an exciting experimental program in hyperon
spectroscopy.
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Abstract
Results are shown for the cross section of several reactions induced by K¯ scattering on
protons. The reactions studied are K−p → Λpi+pi−, K−p → Σ0pi+pi−, K−p → Λpi0η,
K−p → Σ0pi0η, K−p → Σ+pi−η, K¯0p → Λpi+η, K¯0p → Σ0pi+η, K¯0p → Σ+pi+pi−,
K¯0p → Σ+pi0η. In the reactions with a final pi+pi− a clear peak is seen for the f0(980)
formation, with no trace of the f0(500). In the cases of piη production the a0(980) resonance
shows up, with a characteristic strong cusp shape.
1. Introduction
Kaon beams are increasingly becoming a good source for new information in hadron physics.
At intermediate energies J-PARC offers good intensity secondary Kaon beams up to about
2 GeV/c [1,2]. DAPHNE at Frascati provides low energy Kaon beams [3,4]. Plans are been
made for a secondary meson beam Facility at Jefferson Lab, which would include Kaons,
both charged and neutral [5]. One of the purposes is to produce hyperons (≡ Y ) [6], and
cascade states, which are poorly known [7, 8]. Here we address a different problem using
Kaon beams: the Kaon induced production of the f0(980) and a0(980) resonances. We show
some results for the reactions K¯p→ pipiY and K¯p→ piηY , which produce the f0(980) and
a0(980) resonances, respectively. These two scalar resonances have generated an intense
debate as to their nature, as qq¯, tetraquarks, meson molecules, glueballs, dynamically gener-
ated states, etc. [9]. By now it is commonly accepted that these mesons are not standard qq¯
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states but “extraordinary" states [10]. The advent of chiral dynamics in its unitarized form
in coupled channels, the chiral unitary approach, has shown how these resonances appear
from the interaction of pseudoscalar mesons, with a kernel, or potential, extracted from the
chiral Lagrangians [11], and using the coupled channels Bethe Salpeter equation [12–15], or
similar methods, like the inverse amplitude method [16,17]. A recent review on this issue is
given in [18].
New information on these states has come from the study of B and D decays [19, 20],
which has stimulated much theoretical work [21–28]. However, not much has been done
in reactions involving baryons, with the exception of f0(980) photoproduction, measured in
Refs. [29, 30], which had been addressed theoretically earlier in Ref. [31]. Other theoretical
studies have been done after the experiment in [32, 33]. With this perspective, the use of
Kaon induced reactions on proton targets to produce these states promises to be a new good
source of information which should help us understand better the nature of these resonances.
In chiral unitary theories the f0(980) couples strongly to KK¯, and much less to pipi which
becomes the decay channel. Similarly, the a0(980) couples both to KK¯ and to piη, the latter
being the decay channel. This is why the use of Kaon beams to produce these resonances
provides a new method to test these ideas.
2. The Chiral Unitary Approach for the f0(980) and a0(980) Resonances
Following Refs. [12, 34], The first step is the use of the transition potentials from the lowest
order chiral Lagrangians of Ref. [11] with the coupled channels, pi+pi−, pi0pi0, pi0η, ηη,K+K−,
K0K¯0, for which explicit expressions in s wave can be seen in Refs. [21, 22]. By using the
on shell factorization of the Bethe-Salpeter equation in coupled channels [35, 36], one finds
in matrix form
T = V + V GT ; T = [1− V G]−1V, (1)
where V is the transition potential andG the loop function for two intermediate meson prop-
agators. This function is regularized in dimensional regularization or taking a cut off in three
momenta. For the reactions studied on needs the tK+K−→pi+pi− , tK0K¯0→pi+pi− , tK+K−→pi0η,
tK0K¯0→pi0η matrix elements, which contain a pole associated to the f0(980) (the first two),
or to the a0(980) (the last two). The a0(980) appears usually as a big cusp around the KK¯
threshold, both in the theory as in experiments [37, 38].
3. Formalism
In our formalism the picture for f0(980) and a0(980) anki-Kaon induced production proceeds
via the creation of one K by the K¯p initial state in a first step followed by the interaction
of the K and K¯ which generates the resonances. This is shown by the Feynman diagram
depicted in Fig. 1.
We first take the K−p → Λ(Σ0)pi+pi−(pi0η) as a reference and from this reaction we con-
struct the other five reactions with minimal changes. In this case, the K− must couple with
another K+ to form the resonances. In this case one of the Kaons (the K+) is necessarily
off shell, which would require the use of the K+K− → pi+pi−(pi0η) amplitude with the K+
leg off shell, which readily comes from the chiral Lagrangians. Yet, the structure of these
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Figure 1: Feynman diagram for the K¯p→ pipi(pi0η)Y reaction.
Lagrangians is such that the potential can be written as [12]
VK+K−→pi+pi−(pK− , q) = V onK+K−→pi+pi−(Minv)
+b(q2 −m2K+), (2)
where pK− and q are the four momenta of K− and K+ mesons, respectively, with Minv =√
(pK− + q)2 the invariant mass of the K+K− system. The off shell term with b is unphys-
ical while V on is a physical quantity. Then, the term b(q2 − m2K+) multiplied by the K+
propagator of Fig. 1 leads to a contact term as depicted in Fig. 2.
Figure 2: Contact term stemming from the Feynman diagram of Fig. 1 from
the off shell part of the K+K− → pi+pi−(pi0η) transition potential.
The interesting things is that the same chiral Lagrangian for meson baryon [39,40], expand-
ing on the number of pion fields, contains a contact terms with the same topology as the
one obtained from the off shell part of the amplitude [41] and it cancels this off shell term.
Hence, only the physical on shell KK¯ → pipi(piη) amplitude is needed in Fig. 1 for the eval-
uation of the diagrams. These cancellations were already observed in Ref. [42] in the study
of the piN → pipiN reaction and in Ref. [43] for the study of the pion cloud contribution to
the Kaon nucleus optical potential.
One also needs the Lagrangians for the Yukawa meson-baryon-baryon vertex of Fig. 1 which
is given by
L = D
2
〈B¯γµγ5{uµ, B}〉+ F
2
〈B¯γµγ5[uµ, B]〉
=
D + F
2
〈B¯γµγ5uµB〉+ D − F
2
〈B¯γµγ5Buµ〉, (3)
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where the symbol <> stands for the trace of SU(3). The term linear in meson field gives
uµ ' −
√
2
∂µΦ
f
(4)
with f the pion decay constant, f = fpi = 93 MeV, and Φ, B the meson and baryon SU(3)
field matrices given by
Φ =

1√
2
pi0 + 1√
6
η pi+ K+
pi− − 1√
2
pi0 + 1√
6
η K0
K− K¯0 − 2√
6
η
 , (5)
B =

1√
2
Σ0 + 1√
6
Λ Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ n
Ξ− Ξ0 − 2√
6
Λ
 . (6)
We take D = 0.795, F = 0.465 [44]. The explicit evaluation of the SU(3) matrix elements
of Eq. (3) leads to the following expression
L → i
(
α
D + F
2f
+ β
D − F
2f
)
u¯(p′, s′B) /qγ5u(p, sB), (7)
where u(p, sB) and u¯(p′, s′B) are the ordinary Dirac spinors of the initial and final baryons,
respectively, and p, sB and p′, s′B are the four-momenta and spins of the baryons, while
q = p − p′ is the four momentum of the meson. The values of α and β are tabulated in
Table 1.
Table 1: Coefficients for the K¯NY couplings of Eq. (7).
K−p→ Λ K−p→ Σ0 K−n→ Σ−
α − 2√
3
0 0
β 1√
3
1
√
2
K¯0n→ Λ K¯0n→ Σ0 K¯0p→ Σ+
α − 2√
3
0 0
β 1√
3
−1 √2
Finally the amplitude for the diagram of Fig. 1 can be written as
T = −itKK¯→MM
1
q2 −m2K
(
α
D + F
2f
+ β
D − F
2f
)
× u¯(p′, s′Λ/Σ) /qγ5u(p, sp)F (q2), (8)
where we have added the usual Yukawa form factor that we take of the form
F (q2) =
Λ2
Λ2 − q2 (9)
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with typical values of Λ of the order of 1 GeV.
The sum and average of |T |2 over final and initial polarization of the baryons is easily done
and the full expression can be seen in [45].
We can write q2 in terms of the variables of the external particles and have
q2 = M2p +M
′2 − 2EE ′ + 2|~p||~p′| cos θ, (10)
where ~p, ~p′ and E,E ′ are the momenta and energies of the proton and the final baryon, and θ
is the angle between the direction of the initial and final baryon, all of them evaluated in the
global center of mass frame (CM).
We can write the differential cross section as
d2σ
dMinvd cos θ
=
MpM
′
32pi3
|~p′|
|~p|
|~˜p|
s
∑
sp
∑
s′
Λ/Σ
|T |2, (11)
with |~˜p| the momentum of one of the mesons in the frame where the two final mesons are at
rest,
We study nine reactions:
K−p→ Λpi+pi−, K−p→ Σ0pi+pi−, K−p→ Λpi0η,
K−p→ Σ0pi0η, K−p→ Σ+pi−η, K¯0p→ Λpi+η, (12)
K¯0p→ Σ0pi+η, K¯0p→ Σ+pi+pi−, K¯0p→ Σ+pi0η.
The Yukawa vertices forKBB are summarized in Table 1. For theKK¯ →MM amplitudes
only the I3 = 0 components, corresponding to zero charge, are needed here. We have three
cases with piη where the charge is non zero, K−p → Σ+pi−η, K¯0p → Λpi+η and K¯0p →
Σ0pi+η, which can be easily related to the K+K− → pi0η using isospin symmetry [45].
With these ingredients, we use Eq. (11) to evaluate the cross section in each case, changing
the tKK¯,MM in each case and the values of α and β. These magnitudes are summarized in
Table 2.
4. Results
The cross section depend on the energy, Minv, and the scattering angle θ given by Eq. (10).
We first evaluate the cross section for θ = 0, in the forward direction. In Fig. 3, we show
the numerical results of dσ/dMinvd cos θ for cos(θ) = 1 as a function of Minv of the pi+pi−
for K−p → Λ(Σ0)pi+pi− reactions. We take √s = 2.4 GeV, which corresponds to the K−
momentum pK− = 2.42 GeV in the laboratory frame. One can see a clear peak around
Minv = 980 MeV which is the signal of the f0(980) resonance produced by the initial
K+K− coupled channel interactions and decaying into pi+pi− channel. We also see that
the magnitude of the cross section for Λ production is about ten times larger than for Σ0
production, because the coupling of KNΛ is bigger than the KNΣ one.
182
Table 2: Matrices tKK¯→MM , α, β used in each reaction and resonance obtained.
Reaction tKK¯→MM α β Resonance
K−p→ Λpi+pi− tK+K−→pi+pi− − 2√3 1√3 f0(980)
K−p→ Σ0pi+pi− tK+K−→pi+pi− 0 1 f0(980)
K−p→ Λpi0η tK+K−→pi0η − 2√3 1√3 a0(980)
K−p→ Σ0pi0η tK+K−→pi0η 0 1 a0(980)
K−p→ Σ+pi−η √2 tK+K−→pi0η 0
√
2 a0(980)
K¯0p→ Λpi+η √2 tK+K−→pi0η − 2√3 1√3 a0(980)
K¯0p→ Σ0pi+η √2 tK+K−→pi0η 0 1 a0(980)
K¯0p→ Σ+pi+pi− tK0K¯0→pi+pi− 0
√
2 f0(980)
K¯0p→ Σ+pi0η tK0K¯0→pi0η 0
√
2 a0(980)
Figure 3: Theoretical predictions for S wave pi+pi− mass distributions for
K−p→ Λ(Σ0)pi+pi− reactions at√s = 2.4 GeV and cos(θ) = 1.
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Figure 4: Theoretical predictions for S wave piη mass distributions forK−p→
Λ(Σ0)pi0η and K−p→ Σ+pi−η reactions at√s = 2.4 GeV and cos(θ) = 1.
In Fig. 4, we can see the numerical results of dσ/dMinvd cos θ for cos(θ) = 1 as a function
ofMinv of the piη forK−p→ Λ(Σ0)pi0η andK−p→ Σ+pi−η reactions. In this case one also
observes a clear peak/cusp around Minv = 980 MeV, corresponding to the a0(980) state.
The results for K¯0p reactions are shown in Fig. 5. One observes again the clear peaks for
a0(980) and f0(980) resonances around Minv = 980 MeV.
In all the reactions mentioned above, one observes clear peaks for the f0(980) with the pi+pi−
production or for the a0(980) with piη production. One should note that in the case of the
f0(980) production there is no signal for f0(500) (σ) production. This is similar to what was
found in B0s → J/ψpi+pi−, where a clear peak was seen for the f0(980) but no trace was
observed of the f0(500) [19]. An explanation for this fact was given in Ref. [21] using the
chiral unitary approach.
The reactions with piη in the final state produce the a0(980) resonance, with a cusp around
the KK¯ threshold, but with a large strength.
In Figs. 6 to 8, we show the results for dσ/dMinvd cos θ for the K¯p reactions at the peak
of the invariant mass of, f0(980), a0(980) respectively, as a function of cos θ. The reactions
peak forward because we considered only the contributions from the t channel K exchange.
One can see that the cross section falls down from forward to backward angles by about a
factor ten.
Finally, by fixing Minv = 980 MeV at the peak of the resonance and cos θ = 1 we show
the results by looking at the dependence of the cross section with the energy of the K¯ beam.
We only show the results for the Λ production in Fig. 9 because the Λ production is larger
than the Σ production. One can observe that the cross section grows fast from the reaction
threshold and reaches a peak around pK¯ = 2.5 GeV.
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Figure 5: Theoretical predictions for S wave piη and pi+pi− mass distributions
for K¯0p→ Λ(Σ0)pi+η andK−p→ Σ+pi0η(pi+pi−) reactions at√s = 2.4 GeV
and cos(θ) = 1.
Figure 6: Theoretical predictions for dσ/dMinvd cos θ as a function of cos(θ)
for K−p→ Λ(Σ0)pi+pi− reactions at√s = 2.4 GeV and Minv = 980 MeV.
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Figure 7: Theoretical predictions for dσ/dMinvd cos θ as a function of cos(θ)
for K−p → Λ(Σ0)pi0η and K−p → Σ+pi−η reactions at √s = 2.4 GeV and
Minv = 980 MeV.
Figure 8: Theoretical predictions for dσ/dMinvd cos θ as a function of cos(θ)
for K¯0p→ Λ(Σ0)pi+η and K¯0p→ Σ+pi0η(pi+pi−) reactions at√s = 2.4 GeV
and Minv = 980 MeV.
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Figure 9: Theoretical predictions for dσ/dMinvd cos θ as a function of pK¯ for
K−p → Λpi+pi−(pi0η) and K¯0p → Λpi+η reactions at cosθ = 1 and Minv =
980 MeV.
5. Conclusions
We have shown results of the cross sections for the production of f0(980) and a0(980) res-
onances in K¯p reactions from the perspective that these two resonances are dynamically
generated from the coupled pseudoscalar-pseudoscalar channels interaction in I = 0 and 1,
respectively. These results provide the first evaluation of the cross section for these reactions.
In the cases of pi+pi− final states, we find a neat peak for the f0(980) production and no trace
of the f0(500). This feature is related to the fact that the resonance is produced from KK¯
and the f0(980) has a strong coupling KK¯ while the f0(500) has a smaller coupling to this
component. This feature was also observed in the Bs → J/ψpi+pi− reaction and one finds
a natural explanation of both reactions within the chiral unitary approach. It would be most
interesting to have the reactions proposed measured in actual experiments to bring further
light on possible interpretations of the nature of these resonances.
The reactions with the piη production give also rise to a clear peak corresponding to the
a0(980). This resonance appears as a limit of a resonance in the chiral unitary approach,
corresponding to a state slightly unbound, or barely bound. Consequently, it shows up in
form of a strong cusp around the KK¯ threshold, a feature which is observed in recent ex-
periments with large statistics. We should also note that our theoretical results provide the
absolute strength for both the f0(980) and a0(980) production as a consequence of the the-
oretical framework that generates dynamically these two resonances. Comparison of the
strength of these reactions, when measured, could serve to assert the accuracy of the produc-
tion model that we have considered, and help us narrow the scope on pictures for the nature
of the f0(980) and a0(980) resonances.
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Abstract
The TREK/E36 experiment has been carried out at J-PARC to provide a precision test of
lepton universality in theKe2/Kµ2 ratio to search for new physics beyond the Standard Model.
Simultaneously it will be sensitive to light U(1) gauge bosons and sterile neutrinos below
300 MeV/c2, which could be associated with dark matter or explain established muon-related
anomalies such as the muon g − 2 and the proton radius puzzle. The experiment has been set
up at the J-PARC K1.1BR kaon beamline since fall 2014, it has been fully commissioned in
spring 2015, and completed the accumulation of production data in fall 2015. The experiment
has used a scintillating fiber target to stop a beam of up to 1.2 Million K+ per spill. The
kaon decay products were detected with a large-acceptance toroidal spectrometer capable of
tracking charged particles with high resolution, combined with a photon calorimeter with large
solid angle and particle identification systems. The status and recent progress of the experiment
will be presented.
1. Introduction
High precision electroweak tests represent a powerful tool to test the Standard Model (SM)
and to obtain indirect hints of new physics. Lepton universality is a central characteristic
of the SM, describing the flavor independence of the electroweak couplings of the charged
leptons. Experimentally, lepton universality has been tested and established rather well in
many processes – for an overview see, e.g., Ref. [1]. However, there have also been a few
exceptions. Small deviations from lepton universality at the 2-3 σ level have been observed
in the τ sector [2–4]. More recently, universality violation has also been reported in the
µ sector with a 2.6 σ deviation from lepton universality in the LHCb result of B+ mesons
decaying to K+l+l− [5].
Although not strictly referring to the electroweak couplings, the unresolved proton radius
puzzle [6] can also be interpreted as a violation of lepton universality. The proton radius
puzzle is the seven standard deviation difference in Lamb shift measurements of the proton
radius with muonic hydrogen [7, 8] and radius measurements with electrons [9–11].
The observation of any non-universal behavior could imply new physics beyond the SM.
Lepton universality can be tested with high precision experiments that aim at measuring
certain observables very precisely which can be calculated in the SM very accurately and
where new physics effects would be enhanced. Such an observable is the ratio of leptonic
decay widths of the charged kaon, RK , defined as
RK =
Γ(K+ → e+νe)
Γ(K+ → µ+νµ) . (1)
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Figure 1: Schematic end and side views of the E36 setup. See text for descrip-
tion.
Since the hadronic uncertainties associated with the form factor of the decay drops out in
leading order from the ratio of decay widths, the SM prediction is very precise, as small as
0.04%, giving a value of
RSMK =
m2e
m2µ
(
m2K −m2e
m2K −m2µ
)2
(1 + δr) = (2.477± 0.001)× 10−5, (2)
with a radiative correction of δr = −0.036 [12]. Moreover, the value of RK is helicity-
suppressed, which enhances the relative size of any effect due to new physics. New physics
effects in the ratio RK have been predicted in the minimal SUSY extension of the SM
(MSSM) [13–15]. In addition, RK is also sensitive to the neutrino mixing parameters within
SM extensions involving a fourth generation of quarks and leptons [16] or sterile neutri-
nos [17].
The ratio RK has been measured previously with KLOE [18] and NA62 [19], averaging to
RK = (2.488± 0.009)× 10−5, consistent with the SM value.
Experiment E36 at J-PARC has been designed to measure the ratio RK to test lepton uni-
versality with a total uncertainty of 0.25% using stopped kaons [20]. As such it provides a
complementary method to the in-flight decay measurements of NA62 and KLOE, governed
by different systematics.
In addition, E36 is sensitive to byproduct searches for light neutral particles in the exotic
decay modes K+ → µ+νV or K+ → pi+V , with V → e+e−. Such a particle, also known
as the dark or hidden photon A′ or also dark Z ′, could represent the hidden force carrier
of a dark sector associated with dark matter [21, 22]. If it is sufficiently light and weakly
coupled to the SM, it could lead to observable decays into electron-positron pairs, which can
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be used to reconstruct the invariant mass of the hypothetic dark particle. Further, a possible
resolution of the proton radius could be due to the existence of light neutral particles [23–27].
Such hypothetic particles can be conceived without violating existing constraints if they are
fine-tuned and non-universally coupled [25–27]. In this case there would be a prediction of
a strong observable signals in kaon decays, in particular in the caclulable leptonic radiative
mode K+ → µ+νe+e− [26].
2. Experimental Setup
Experiment E36 [20] has been part of the TREK program at J-PARC, where TREK stands
for Time Reversal Experiment with Kaons. E36 has been mounted from fall 2014 – spring
2015 and completed data taking in fall 2015 at the K1.1BR beamline at J-PARC, using the
existing E-246 apparatus [28] from a previous T-violation search via transverse polarization
of muons in K+ → µ+pi0νµ (Kµ3) decays at KEK [29–31]. A next-generation T-violation
search in Kµ3 decays (E06) has been proposed at J-PARC to take place when sufficient
primary proton beam power of 100-300 kW becomes available [32]. The E-246 apparatus
has been upgraded for E36 and features
• a smaller-diameter scintillating fiber target to stop the kaon beam to minimize multiple
scattering and energy loss of the outgoing decay particles,
• redundant particle ID systems to distinguish e and µ with high efficiency and low
misidentification probability,
• improved near-target tracking with a Spiraling Fiber Tracker (SFT), and
• a faster readout of the CsI(Tl) calorimeter with a pile-up capable data acquisition sys-
tem using FPGA based wave form digitization.
The E36 setup is shown schematically in Fig. 1. The incoming K+ is tagged with the Fitch
Cherenkov and moderated down to range out inside the active volume of the stopping target,
a matrix of 256 scintillating fibers oriented longitudinally along the beam, which determines
the location of the kaon stop in the transverse plane. The target is surrounded by a Spiraling
Fiber Tracker (SFT), consisting of two pairs of fiber layers spiraling in either helicity around
the target, providing a longitudinal coordinate of the outgoing decay particle [33]. The
target+SFT assembly is further surrounded by 12 time-of-flight scintillators (TOF1) and 12
aerogel (AC) counters [34] aligned with the 12 sectors of the toroidal spectrometer. Photons
and positron-electron pairs from pi0 or directly from K+ decays are registered in the highly
segmented large-acceptance CsI(Tl) calorimeter barrel covering a solid angle of about 3pi.
The calorimeter features 12 gaps aligned with the sectors of the toroid, allowing energetic
charged pi+, µ+, and e+ to be momentum-analyzed through the magnetic field and tracked
with Multi-Wire Proportional Chambers C2-C4 in each of 12 gaps of the magnetic toroid. At
the exit of each magnet gap, another set of fast scintillators (TTC and TOF2), and leadglass
(PGC) counters [35] are providing trigger signals and particle identification to discriminate
between µ and e.
Three particle identification systems allow to redundantly distinguish between positrons,
and muons or pions: The threshold Aerogel Cerenkov (AC) counters sensitive to positrons
surround the target bundle, the time of flight (TOF) is measured between scintillators near the
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target (TOF1) and in each gap (TTC and TOF2), and leadglass counters (PGC) are located
at the end of each gap to identify positrons by their shower.
The data acquisition was set up for three different trigger types. All trigger types required a
good kaon stop defined by the Fitch counter and minimal signals in the target. The “Positron"
trigger required a good kaon stop in combination with a good gap trigger and an additional
sector aerogel hit for positron candidates. The “Muon" trigger did not have any gap positron
requirement and was prescaled by an order of magnitude. The third trigger type was dedi-
cated to the light neutral boson search, by requiring at least three TOF1 counters for three
charged particle to be observed, in coincidence with a good gap trigger, but no PID con-
straints otherwise, resulting in a tolerable count rate.
3. Status of E36
The E36 experiment has been performed with the TREK apparatus at J-PARC employing a
K+ beam stopped in an active target consisting of scintillating fibers. The technique is dif-
ferent from the NA62 and KLOE experiments which used the in-flight-kaon decay method.
The Ke2 (pe+ = 247 MeV/c) and Kµ2 (pµ+ = 236 MeV/c) events were detected using
the TREK toroidal spectrometer. In order to compare the experimental RK value with the
SM prediction, the internal bremsstrahlung process in radiative K+ → e+νγ (KIBe2γ) and
K+ → µ+νγ (KIBµ2γ) decays is included into the Ke2 and Kµ2 samples, respectively. The
RK value is derived from the accepted Ke2 and Kµ2 events after correcting for the detector
acceptance. Charged particles from the kaon stopping target are tracked and momentum-
analyzed using four-point tracking with the target+SFT and three multi-wire proportional
chambers in each toroidal sector. The tracking redundancy allows to determine the efficiency
of each tracking element. The Ke2, Kµ2, and their radiative decays were collected for a cen-
tral magnetic field of the spectrometer, B = 1.4 T. In order to remove K+ → pi0e+ν(Ke3)
and K+ → pi0µ+ν(Kµ3) backgrounds, the Ke2 and Kµ2 events are identified by requir-
ing the e+ and µ+ momentum to be higher than the Ke3 and Kµ3 endpoints (pmax = 228
and 215 MeV/c). Particle discrimination between e+ and µ+ is carried out using aerogel
Cherenkov (AC) counters surrounding the target, by measuring the time-of-flight (TOF) be-
tween the TOF1 and TOF2 scintillation counters, and by a lead glass shower calorimeter
(PGC). The TOF1 and AC counters surround the fiber target, and the TOF2 and PGC coun-
ters are located at the exit of the spectrometer. Simulations have shown that a muon misiden-
tification probability < 10−6 is adequate and achievable by using the particle ID systems in
combination with the momentum selection. ... The RK = Γ(Ke2)/Γ(Kµ2) ratio can be ob-
tained from the number of accepted events (N), K˜e2 = Ke2 + KIBe2 and K˜µ2 = Kµ2 + K
IB
µ2 ,
corrected for the detector acceptance. The acceptance ratio can be calculated by a Monte
Carlo simulation, and dedicated calibration datasets have been taken to validate the simula-
tions. It should be noted that the analysis procedure is identical for both Ke2 and Kµ2 except
for the particle identification in order to reduce the systematic error due to the analysis. The
statistical error of the RK value will be dominated by that of the accepted Ke2 events be-
cause the BR(Ke2)/BR(Kµ2) ≈ 10−5. The number of Ke2 events has been estimated to be
≈ 2.5 × 105 assuming 1,500 kWdays of data collection, corresponding to a statistical error
of ∆RK = 0.0054 (∆RK/RK = 0.2%). At the end of data taking, the actually delivered
integrated beam amounted to about 1,000 kWdays.
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Systematic errors have been considered due to (1) uncertainty of the detector acceptance
ratio, (2) imperfect reproducibility of the experimental conditions by a Monte Carlo simula-
tion, (3) performance of particle identification, and (4) background contamination. The total
systematic error has been estimated with detailed simulation to be ∆RK/RK = 0.15% by
adding all items in quadrature.
For the byproduct search of light neutral bosons A′ in the processes K+ → µ+νµA′ or
K+ → pi+A′ as possible signals from the dark sector, the A′ particle would be identified as
a narrow peak in the e+e− invariant-mass distribution through its decay, A′ → e+e−. In the
E36 experiment the e+e− pair has been detected in the CsI(Tl) calorimeter in coincidence
with the charged muon or pion tracked in the toroidal spectrometer. A multiplicity of at least
three TOF1 elements has been required for the dedicated trigger type, while the less biased
muon trigger type was prescaled during data taking.
Data taking of E36 has recently been completed at J-PARC by the end of 2015. Two inde-
pendent analyses have been started in two teams, one based in Japan and another in North
America.
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2.24 Simulation Study of KL Beam: KL Rates and Background
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Abstract
We report our simulation results for KL-beam and neutron background production, esti-
mated rates for certain run conditions and resolution for KL-beam momentum.
1. KL Beam Line
Our calculations have been performed for Jefferson Lab Hall D setup geometry. Primary
KL-production target has been placed in Hall D collimator cave. For the target material, we
selected beryllium as for thick targets KL-yield roughly proportional to the radiation length
and density, which gives beryllium as the best candidate. Beam plug and sweeping magnet
are placed right after the target. For our calculations we took a simple beam plug: 15 cm
thick piece of lead. Sweeping magnet is cleaning up charged component and has a field
integral 2 Tesla . meter, which is enough to remove all charged background coming out of
the beam plug. Vacuum beam pipe has 7 cm diameter and preventing neutron rescattering
in air. Where are two collimators: one placed before the wall between collimator cave
and experimental hall, another - in front of the Hall D detector. Distance between primary
Be target and liquid hydrogen (LH2) target (located inside Hall D detector) has been taken
16 m in our calculations, it can be increased upto 20 m.
2. KL Production
We simulated KL-production in photon bremstruhlung beam produced by 12 GeV electron
beam in Hall D tagger amorphous radiator. We analyzed KL-production via φ-meson pho-
toproduction in detail. This is one of the main mechanisms of KL-production at our energy
range. It gives the same number of K0 and K¯0. Another mechanism is hyperon photopro-
duction (which gives only K0) was not studied in our simulations separately. Instead, we
have taken as an alternative model Pythia generator [1], which includes hyperon production.
φ-meson photoproduction total and differential cross sections on proton and complex nuclei
(coherent and incoherent) were taken from Refs. [2,3]. Angular distributions for φ→ KLKS
decay, we used are from Ref. [2,4,5]. These calculations show that φ decay in its rest frame
is going mostly perpendicular to the axis of φ momentum. Since KLs need to stay on orig-
inal photon beam direction to get LH2 target, this condition requires that φ production and
decay angles in laboratory frame should be about the same. That means we will have in the
LH2 only KLs from φ-mesons produced at relatively high t. It suppresses the number of
"useful" KLs by factor of ∼3 or more (in comparison with the case if KL and KS momenta
are parallel to φ momentum). KL absorption used in our calculations was studied in Ref. [6]
very well. About 80% of produced KLs will be absorbed in Be target itself and beam plug.
This value of absorbed KLs can be reduced by optimizing beam plug setup.
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3. KL Beam Parameters
One of the main KL-beam parameters is momentum distribution. Momentum spectrum is
a function of the distance and angle. We are giving here resulting spectra for KL reaching
LH2 target. Results of our simulations for KL momentum spectrum is shown on Fig. 1.
The spectrum first has increasing shape since φ decay cone angle decreasing at higher γ-
beam and KL momentum. This selecting lower φ production t values, which are more
favorable according to φ differential cross section. At certain point highest possible γ-beam
momentum is reached andKL momentum spectrum is dying out pretty fast. For comparison,
we selected part of KL spectrum from Pythia generator originated only from φ decays and
showed it on the same plot (red histogram).
Figure 1: KL momentum spectra originated from φ decays: black histogram -
our simulation using GEANT [7], red - Pythia generator result [1].
Pythia shows, that φ decays give about 30% of KLs. Number of K0 exceeds number of K¯0
by 30% according to this generator for our conditions. Their momentum spectra are shown
on Fig. 2 separetly.
To estimate expected rate of KL at LH2 target we used the following conditions: electron
beam current is 3.2 µA, tagger radiator thickness is 1% of radiation length, Be target thick-
ness is 40 cm, distance Be to LH2 target is 16 m, radius of LH2 target is 2 cm. Our calcula-
tions are related to the KL flux at that distance and solid angle. For KL-beam intensity under
the above condition, we got 100 KLs per second for our φ photoproduction simulation and
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Figure 2: K¯0 (top plot) and K0 (bottom plot) momentum spectra from Pythia
generator.
240 KLs per second from all sources from Pythia. There are ways to increase the KL-beam
intensity by increasing tagger radiator thickness, electron beam current and other parame-
ters. Increasing LH2 target radius will increase number of KLs reaching it proportionally to
the solid angle. For example for LH2 target radius 4 cm, electron beam current 5 µA, 5%
rad. length radiator and increased Be target sizes we shall be able to obtain beam rate about
7,000 KLs per second from all production mechanisms at LH2 target face. For comparison
this value corresponds to ∼10 million of produced KLs in Be target per second.
4. KL Beam Resolution
KL-beam momentum can be measured using TOF - time between accelerator bunch and
reaction in LH2 target detected by start counter. Hall D tagger timing can not be used at
such high intensity conditions. Thus TOF resolution is a quadratic sum of accelerator time
and start counter time resolutions. Since accelerator signal has very good time resolution
(∼0.1 ns or better), TOF resolution will be defined by start counter. Hall D start counter has
resolution ∼0.35 ns. This value can be hopefully improved with upgrading counter design
and parameters. In our calculations we used an optimistic value of 0.25 ns start counter time
resolution. Of course to get TOF information electron beam needs to have narrow bunch
time structure with the distance between bunches at least 30 ns. At low (< 1 GeV/c) KL
momenta uncertainty in KL production point position within Be target will also affect TOF
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calculation precision. Fig. 3 shows TOF and beam momentum resolution as a function of
KL beam momentum.
Figure 3: KL-beam TOF (left plot) and momentum (right plot) resolution as a
function of momentum.
TOF resolution is flat for momenta higher that 1 GeV/c. Momentum resolution is growing
with momentum value, for 1 GeV/c it is ∼1.7%, for 2 GeV/c ∼6%.
5. KL Beam Background
Background conditions is one of the most important parameter of the beam. After passing
through 30 radiation length beam plug and swiping out charged background component, we
will have some residual γ background and neutrons produced by electromagnetic showers.
Momentum spectrum of residual γs shown on Fig. 4.
It decreases exponentially with increasing γ energy. For the rates we obtained∼100,000 per
second for γs with energy above 50 MeV and ∼1,000 per second for γs above 500 MeV.
The most important and unpleasant background forKL-beam is neutron background. Special
care needs to be taken to estimate and if possible to eliminate this kind of background. In our
calculations to estimate neutron background we used two independent program packages:
Pythia [1] and DINREG [8]. Both packages give the same order of magnitude neutron
background level. At our condition it is∼140 neutrons per second at LH2 target for neutrons
with momenta higher than 500 MeV/c. These spectra along with KL momentum spectrum
are shown on Fig. 5.
Additionally we calculated muon production level. Muon will be swiped out of the beam
line thus they are not our background. But since their high penetration ability it might be
important the for purposes of the shielding. We taken into account only Bethe-Heitler muon
production process. Muons from pion decays and other production mechanisms will increase
total muon yield only slightly. They were not included in our model. Number of produced
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Figure 4: Momentum spectrum of residual γs.
muon in Be target and lead beam plug is about the same, lead originating muons have much
softer momentum spectrum. Estimated number of produced muons ∼6 million per second.
Their momentum spectrum is shown on Fig. 6.
Half of muons have momentum higher than 2 GeV/c, ∼10% of muons have momentum
higher than 6 GeV/c and ∼1% of muons - momentum above 10 GeV/c.
6. Summary
In the summary part, we want to emphasize that KL-beam facility opens horizons for new
rich physics. Jefferson Lab GlueX spectrometer has very good acceptance and resolution
parameters [9], which perfectly fit KL-beam facility requirements. Expected rates for KL-
beam with increased γ-beam luminosity will allow to collect statistics order of magnitude
higher than other facilities can provide. One of the main advantage of such facility is that
KL-beam is produced by γ-beam which provides low neutron background level comparing
with hadron produced KL-beam. To get more precise KL-beam rates and neutron back-
ground estimations as well as radiation levels induced, it is important to conduct a few days
measurements on low intensity test beam.
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Figure 5: KL and neutron momentum spectra obtained with different packages.
7. Acknowledgments
I thank the organizing committee for the possibility to participate in this Workshop. I also
want to express my special thanks to Igor Strakovsky and Moskov Amaryan for fruitful
discussions which help me a lot in KL-beam analysis. This work is supported, in part, by
the U.S. Department of Energy, Office of Science, Office of Nuclear Physics, under Award
Number DE–FG02–96ER40960.
References
[1] We used the Pythia version modified for the GlueX Collaboration, Hall D at Jefferson Lab.
http://home.thep.lu.se/torbjorn/Pythia.html .
[2] A. Titov and T.-S. Lee, Phys. Rev. C 67, 065205 (2003).
[3] G. McClellan et al., Phys. Rev. Lett. 26, 149 (1971).
[4] A. Titov and B. Kampfer, Phys. Rev. C 76, 035202 (2007).
[5] T. Mibe et al. (CLAS Collaboration), Phys. Rev. C 76, 052202 (2007).
203
Figure 6: Muon momentum spectrum for Bethe-Heitler production.
[6] G.W. Brandenburg et al., Phys. Rev. D 7, 708 (1973).
[7] Application Software Group, GEANT - Detector Description and Simulation Tool, CERN
Program Library Long Writeup W5013, CERN, Geneva, Switzerland (1994).
[8] P. Degtiarenko, Private communications, 2015.
[9] S. Taylor, KL Simulation Studies with the GlueX Detector, these Proceedings.
204
2.25 KL Simulation Studies with the GlueX Detector
Simon Taylor
Thomas Jefferson National Accelerator Facility
Newport News, VA 23606, U.S.A.
Abstract
Results of simulations of three reactions of interest for a potential KL program in Hall D
at Jefferson Lab, namely KLp→ pKS , pi+Λ, and K+Ξ0, are presented.
1. Introduction
The GlueX detector is a large acceptance detector based on a solenoid design with good
coverage for both neutral and charged particles. This article describes some simulations of
events generated by KL beam particles interacting with a liquid hydrogen target at the center
of the solenoid. The GlueX detector is used to detect one or all of the final state particles. I
will be focusing on a few of the simplest two-body reactions, namely KLp→ pKS , KLp→
Λpi+, and KLp→ K+Ξ0.
2. Event Generation, Simulation and Reconstruction
The KL beam is generated by sampling the momentum distribution of KL particles coming
from the decays of φ mesons produced by interactions of a photon beam with a beryllium
target 16 meters upstream of the liquid hydrogen target. The KL beam profile was assumed
to be uniform within a 2 cm radius at the hydrogen target.
The cross section model for the pKS channel was determined by parameterizing fits to the
existing data for W ≤ 2.17 GeV and connecting the cross section at W = 2.17 GeV to a
power-law approximation to the cross section for higher W. The parametrization for low W
took the form
dσ
dΩ
= f0(W )P0(cos θ) + f1(W )P1(cos θ) + f2(W )P2(cos θ), (1)
where P0, P1, and P2 are the first three Legendre polynomials and f0, f1, and f2 were deter-
mined empirically. The high-W behavior was modeled according to the results reported in
Brandenburg et al., [1]: the total cross section falls off as function of the KL momentum pK
according to σ ∝ p−2.1K and the angular dependence for high W depended on u′ = u−umax,
s and t according to
dσ
dt
∝ p−1.33K e(3.1+2.8 log s)t, (2)
dσ
du′
∝ p−5.24K e5.4u
′
. (3)
The cross section model for the Λpi+ channel was based on distributions from Yamartino [2].
The cross section model for the K+Ξ0 channel was based on parametrizations of functions
from Jackson et al. [3].
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The generated events were passed through a full GEANT3-based Monte Carlo of the GlueX
detector. The detector consists of a solenoid magnet enclosing devices for tracking charged
particles and detecting neutral particles and a forward region consisting of two layers of
scintillators (TOF) and a lead-glass electromagnetic calorimeter (FCAL). A schematic view
of the detector is shown in Fig. 1. The magnetic field at the center of the bore of the magnet
for standard running conditions is about 2 T. The trajectories of charged particles produced
by interactions of the beam with the 30-cm liquid hydrogen target at the center of the bore
of the magnet are measured using the Central Drift Chamber for angles greater than ∼ 20◦
with respect to the beam line. Forward-going tracks are reconstructed using the Forward
Drift Chambers. The timing of the interaction of the Kaon beam with the hydrogen target
is determined using signals from the Start Counter, an array of 30 thin (3 mm thick) scintil-
lators enclosing the target region. Photons are registered in the central region by the Barrel
Calorimeter (BCAL).
Figure 1: Schematic view of the GlueX detector.
For each topology, one particle (the proton for the pKS channel, the pi+ for the Λpi+ channel
and the K+ for the K+Ξ0 channel) provides a rough determination for the position of the
primary vertex along the beam line that is used in conjunction with the start counter to
determine the flight time of theKL from the beryllium target to the hydrogen target. Protons,
pions, and Kaons are distinguished using a combination of dE/dx in the chambers and time-
of-flight to the outer detectors (BCAL and TOF). The energy loss and timing distributions
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for the pKS channel are shown in Fig. 2; the distributions are similar for the Λpi+ channel,
where a proton band arises from the Λ → ppi− decay channel. Also shown is the dE/dx
distribution for the K+Ξ0 channel, where a prominent Kaon band can be seen, along with
pion and proton bands arising from Λ decays.
Figure 2: Particle identification: (top left) dE/dx for the pKS channel; (top
right) time difference at the primary “vertex” for the proton hypothesis for the
pKS channel using the TOF; (bottom) dE/dx for the K+Ξ0 channel. The
proton and pion bands arise from the decay of the Λ.
3. Results for each Topology
(a) KLp→ pKS
The KL momentum distribution for the pKS channel and the mass distribution for the
KS recoiling against the proton are shown in Fig. 3. The missing mass distribution
suffers from long non-Gaussian tails.
Since the GlueX detector has full acceptance in φ for charged particles and large ac-
ceptance in θ (roughly 1◦ ∼ 140◦), reconstruction of full events is feasible. For the
pKS channel, I take advantage of the branching ratio of 69.2% for KS → pi+pi− [4]:
the invariant mass of the pi+pi− pair and W as computed from the four-momenta of the
proton and the two pions is shown in Fig. 4. After combining the four-momenta of
the final state particles with the four-momenta of the beam and the target, the missing
mass squared for the full reaction should be zero, which is also shown in Fig. 4. A
comparison between two methods for computing W , one using the KL momentum and
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Figure 3: KL momentum distribution (left) and missing mass off the proton
(right) for the pKS channel.
the other using the final state particles, is shown in Fig. 5. Finally, I require conserva-
tion of energy and momentum in the reaction by applying a kinematic fit to the data.
After applying a 0.1 cut on the confidence level of the fit, I computed an estimate for
the reconstruction efficiency as a function of W as shown in Fig. 6. The efficiency is
ε = N(W, reconstructed)/N(W, thrown). Here the efficiency includes the branching
ratio for KS → pi+pi−. The average reconstruction efficiency is about 7%.
Figure 4: Full reconstruction for KLp → pKS , KS → pi+pi−: (top left) pi+pi−
invariant mass; (top right) W computed from ppi+pi− invariant mass; (bottom)
missing mass squared for the full reaction.
(b) KLp→ Λpi+
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Figure 5: W resolution for the pKS channel.
Figure 6: (left) Confidence level distribution for kinematic fit for the pKS chan-
nel. (right) Estimate for efficiency for full reconstruction of the KLp → pKS ,
KS → pi+pi− reaction chain as a function of W.
The reconstructed KL momentum distribution and the missing mass off the pi+ for the
γp→ Λpi+ simulation are shown in Fig. 7. As with the previous topology, the missing
mass distribution has very long non-Gaussian tails.
Taking advantage of the large (63.9%) branching ratio for Λ → ppi− [4], the full final
state can be reconstructed. The mass distributions for this reaction chain are shown
in Fig. 8. A comparison of the W resolution using two methods (one using the KL
momentum and the other using the four-momenta of the final state particles) is shown
in Fig. 9. After applying a kinematic fit to the data and cutting at a confidence level
of 0.1, I determined the efficiency as a function of W , as shown in Fig. 10. Here the
efficiency includes the branching ratio for Λ → ppi−. The average efficiency is about
2%.
(c) KLp→ K+Ξ0
The reconstructed KL momentum distribution and the missing mass off the K+ for the
γp → K+Ξ0 simulation are shown in Fig. 11. The Ξ0 mass distribution reconstructed
using the missing mass technique is broad (full-width-at-half-maximum =∼300 MeV).
The Ξ0 decays almost 100% of the time to Λpi0 [4]. Here we take advantage of the large
branches for Λ→ ppi− and pi0 → γγ to reconstruct Ξ0’s using the four-momenta for all
of the final state particles. The reconstructed mass distributions are shown in Fig. 12. A
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Figure 7: KL momentum distribution (left) and missing mass off the proton
(right) for the Λpi+ channel.
Figure 8: Full reconstruction for KLp → Λpi+, Λ → ppi−: (top left) ppi−
invariant mass; (top right) W computed from ppi+pi− invariant mass; (bottom)
missing mass squared for the full reaction.
comparison of the two methods for computing W is shown in Fig. 13. An estimate for
the efficiency as a function of W after applying a kinematic fit to the data and cutting
at a confidence level of 0.1 is shown in Fig. 14. The average efficiency is about 0.4%.
This efficiency includes the branching ratios for the Λ and pi0 decays. Also shown is
the invariant mass of the Ξ0 constructed in ppi−2γ. The peak is much narrower than the
Ξ0 peak seen in missing mass.
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Figure 9: W resolution for the Λpi+ channel.
Figure 10: (left) Confidence level distribution for kinematic fit for the Λpi+
channel. (right) Estimate for efficiency for full reconstruction of the KLp →
Λpi+, Λ→ ppi− reaction chain as a function of W.
Figure 11: KL momentum distribution (left) and missing mass off the proton
(right) for the K+Ξ0 channel.
4. Remarks
For all topologies under consideration here, the W resolution using the measured KL mo-
mentum worsens considerably as W increases, whereas the W resolution using the final
state particles is flatter as a function of W . Resolution at the level of 50 MeV or less can
be achieved with the latter technique, at the expense of efficiency. One source for the ineffi-
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Figure 12: Full reconstruction for KLp → K+Ξ0, Ξ0 → Λpi0, Λ → ppi−,
pi0 → γγ: (top left) ppi− invariant mass; (top right) two photon invariant mass;
(bottom left) W computed fromK+ppi−2γ invariant mass; (bottom right) miss-
ing mass squared for the full reaction.
Figure 13: W resolution for the K+Ξ0 channel.
ciency is the spiraling of low-momentum pions in the magnetic field of the GlueX solenoid,
which makes track finding and fitting difficult. This can be mitigated by running the solenoid
at a lower current than the standard current for regular GlueX runs. The preliminary kine-
matic fitting results are encouraging and further improvement in the W resolution can be
expected for the case where events are fully reconstructed.
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Figure 14: (top left) Confidence level distribution for kinematic fit for the
K+Ξ0 channel. (top right) Ξ0 mass distribution after kinematic fit with a 0.1
confidence level cut. (bottom) Estimate for efficiency for full reconstruction
of the KLp → K+Ξ0, Ξ0 → Λpi0, Λ → ppi−, pi0 → γγ reaction chain as a
function of W.
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2.26 Compact Photon Source Conceptual Design
Pavel Degtyarenko and Bogdan Wojtsekhowski
Thomas Jefferson National Accelerator Facility
Newport News, VA 23606, U.S.A.
Abstract
We describe options for the production of an intense photon beam at the CEBAF Hall D
Tagger facility, needed for creating a high-quality secondary K0L delivered to the Hall D detec-
tor. The conceptual design for the Compact Photon Source apparatus is presented.
1. Introduction
An intense high energy gamma source is a pre-requisite for the production of the K0L beams
needed for the new proposed experiments at Hall D. Here we describe a new approach to
designing such photon sources. We will discuss possible practical implementation of the
new approach in the design, adjusted to the parameters and limitations of the available in-
frastructure. The plan view of the present Tagger vault area is shown in Fig. 1.
2. Available facilities and Options at the Tagger Area
An electron beam at the nominal energy of 12 GeV enters the Tagger vault through the Hall D
beamline tunnel and is directed into a typically thin radiator in front of the Tagger magnet.
The bulk of the incident beam goes through the gap in the magnet without interaction and is
then directed into the exit beam pipe, leading to the beam dump at the end of the beam dump
alcove, behind the labyrinth shielding walls. Electron interactions in the radiator produce
bremmstrahlung photons going straight through the opening in the magnet, and then through
the long pipe leading to the Hall D beam entry port. Electrons that have lost a portion of
their original energy to the photon production are deflected in the magnet and exit through
the row of position-sensitive detectors at the magnet side. The energy of each corresponding
photon is thus determined. The need to count and the need to determine the energy of
each produced photon imposes major limitations on the maximum beam current (5 µA at
12 GeV) and on the maximum radiator thickness (about 0.0005 radiation lengths (R.L.) for
the maximum beam current). The whole area layout and design parameters, including the
radiation shielding requirements, were chosen with these limitations taken into account.
3. Consequences of Intensity Increase by “Brute Force"
The proposal for the production of the K0L beams at the Hall D complex would require
photon beams which are orders of magnitude more intensive than those available currently,
corresponding approximately to the effective radiator thickness of 0.05 – 0.1 R.L. Simply re-
placing the present radiator with a much thicker one (a “brute force" solution) is possible in
principle. However, such a solution would lead to several consequences which would make it
practically unacceptable. The radiation levels at the vault, both prompt and post-operational
due to the beam line elements’ radioactivation, are evaluated to be too high. Mitigation
would require removal of sensitive electronic components around the vault, building of new
temporary shielding walls and disposal of radioactive beam line components after the oper-
ations. Dose rates and activation evaluation would require complex simulations and quality
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Figure 1: Tagger vault area in the Hall D complex at CEBAF.
and reliability control. That is all deemed to be expensive and risky, and it is not clear if the
necessary photon beam intensity can be reached.
4. Simulation of the Radiation Environment
GEANT3 [1] detector simulation package was used originally for modeling and optimizing
the Tagger vault setup and finding acceptable radiation shielding solutions. An example of
the GEANT3 geometry may be seen in Fig. 2. One 12 GeV beam electron trace is shown
in Fig. 2 by the red curve, starting in the beam tunnel and going through the radiator, the
tagger magnet, the exit vacuum volumes and beam pipes. Upon arriving at the beam dump,
it cascades inside the copper core of the dump, with some blue gamma and black neutron
tracks shown exiting the core and stopping in the iron shielding blocks.
Fig. 3 illustrates the major causes of the prompt radiation inside the vault during normal
operations. Most of the beam electrons do not interact in the radiator and end up depositing
their energy in the dump, producing a cascade of electrons and photons which are mainly
absorbed in the core of the dump. The secondary neutrons escape the core but mostly stop in
the surrounding iron shielding and the labyrinth walls. A couple of the beam electrons shown
in the plot have produced bremsstrahlung gammas energetic enough to kick the electrons
visibly away from the beam line. They end up cascading and depositing their energy in the
first labyrinth wall and spraying some of the cascading electrons and gammas back into the
vault. More beam electrons produce lower energy gammas in the radiator and get deflected at
smaller angles, hitting exit flanges and narrower portions of the exit beam line and producing
essentially full 12 GeV electromagnetic cascades in the vault. The bremsstrahlung gammas
produced at the radiator go straight along the exit beam line through the magnet yoke and
forward to Hall D proper.
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Figure 2: Plane cut of the Tagger vault model built using the GEANT3 detector
simulation package. Black areas correspond to the concrete walls. Red hatch
style is used for iron shielding blocks. Yellow areas correspond to the beam
vacuum.
The model allowed us to simulate the operational radiation environment and optimize the
shielding design at the vault, corresponding to the nominal operating conditions in the Hall D
complex. The first commissioning runs in 2015 indicated that the observed radiation fields
in the Tagger vault are in agreement with the calculations within a factor 2 or 3, which
is acceptable given all uncertainties in the model and in the measurements. The estimates
for the “brute force" solution of simply increasing the radiator thickness to produce more
intensive photon beams at the vault indicate that that an increase of the prompt radiation
would be way beyond the present design limitations and is indeed problematic.
5. New “Compact Photon Source" Solution
As a solution to this apparent problem, we suggest designing and implementing the “Com-
pact Photon Source" (CPS) device. The new conceptual design combines in a single properly
shielded assembly all elements necessary for the production of the intense photon beam, such
that the overall dimensions of the setup are limited and the operational radiation dose rates
around it are acceptable. The experiment does not require tagging of the produced photons,
216
Figure 3: Same plot as in Fig. 2, but showing the simulation of 2000 beam
electrons at 12 GeV. Red tracks show charged particles, mostly electrons, blue
tracks are gammas, and neutrons are tracked in black.
so the new design could be compact and hermetically closed by the shielding, as opposed
to the present Tagger Magnet concept. One of the earlier CPS concepts was published re-
cently [2] and proposed for use in the WACS experiment at JLab [3].
Fig. 4 illustrates the GEANT3 model of such a device. The assembly is small enough to fit in
the Tagger vault immediately after the Tagger magnet. We propose to extend the path of the
incoming 12 GeV electron beam beyond the Tagger magnet by removing the standard radi-
ator from the beam and by switching the magnetic field off. After exiting the Tagger magnet
through the currently available photon beam exit pipe, the electron beam enters the well
shielded CPS device. First, the beam electrons see the new radiator, as thick as necessary
to produce photon beam optimized for K0L production downstream. After the radiator the
“spent" electrons are deflected by the region of a strong magnetic field sufficient to deflect
the main 12 GeV beam through the vacuum volume with the beam diagnostics equipment
and into the high power beam dump, away from the straight photon beam axis. A long-bore
straight collimator lets the photon beam through the assembly. An illustration of the beam
propagation and absorption in the CPS device is given in Fig. 5.
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Figure 4: Vertical cut plane of the GEANT3 model of the CPS device. Ele-
ments of the design are indicated in the plot. See discussion in the text.
The dump including the shielding is by necessity the most massive element of the design,
consisting of a water-cooled thermoconductive copper or silver core, surrounded by thick,
high-Z, and high density material, such as Tungsten alloy or Lead. The dump design includes
the entrance slit for the main electron beam and for the tail electrons that lost their energy
in the radiator and are deflected farther down. The slit provides the condition for the main
electron-produced cascade to originate roughly in the middle of the bulk dump volume, such
that there was sufficient shielding in all directions and the products of the cascade were
contained in the dump as much as possible.
The dump will also provide a long-bore channel for the main bremsstrahlung gamma beam
to go through, with the critical collimation aperture placed in the middle of the bulk volume
to contain most of the secondary products generated in the collimator. A Borated Poly outer
layer is useful for slowing, thermalizing, and absorbing fast neutrons still exiting the bulk
shielding. We suggest that the exit photon channel and beam line in the vault also be shielded
properly.
The GEANT3 model calculations show that the overall dimensions of the CPS assembly
could stay reasonably small (see Fig. 6), while achieving the overall dose rates at the Tagger
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Figure 5: The same plot as in Fig. 4, but showing the simulation of 50 beam
electrons at 12 GeV, with a 0.1 R.L. Tungsten radiator installed. Beam elec-
trons interact in the radiator frequently, lose energy, and get deflected in the
0.8 Tesla magnetic field. Most of them go down to the core of the dump and
deposit their energy there. The photon beam goes straight to (and through) the
aperture collimator.
vault comparable to nominal Hall D operations. The dense high-Z material covering the core
of the dump from all sides, together with a 2-inch layer of Borated Poly material all around,
work rather effectively. The estimate shows that, for the ultimate new setup with 10% R.L.
radiator, the dose rates in the vault during full 60 kW beam operations are comparable to
the nominal running conditions in the vault, as shown in Fig. 7. The radiation spectral
composition is different; most of the dose rate contribution in the CPS setup is from higher
energy neutrons. The comparison indicates that at equal beam currents, gamma radiation
dose rates are much smaller for the CPS run (an order of magnitude), and neutron dose rates
in the area are comparable.
The dramatic difference between the overall dimensions of the present dump package and
the new proposed compact solution is explained by using high density and high-Z material
in the new design, and also by making it hermetic, that is, covering the beam dump entrance
volume almost as solidly as in all other directions. The present Hall D Tagger Dump de-
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Figure 6: A plane cut of the Tagger vault model built using the GEANT3 pack-
age, showing the CPS assembly and the simulation of 2000 beam electrons at
12 GeV.
sign was opportunistic as it used the standard copper beam dump device and standard iron
shielding blocks available at that time. The design required dump accessibility, so it was not
possible to make the shielding hermetic, and heavy labyrinth walls were needed. Using a
Tungsten alloy with a density about 2.5 times higher than Iron, all linear dimensions can be
made correspondingly smaller. Another factor was a certain degree of conservatism required
for a permanent design, which can be avoided in the design dedicated for a limited-period
experiment.
One of the special features of the new concept design is the difficulty of reaching its innards
once operations have started, because of the high levels of induced radioactivity inside. Thus,
special attention should be devoted to the reliability of all inner elements of the CPS.
6. Implementation Features and Cost Estimate
We do not see principal obstacles to implementation of the CPS concept in the experiment.
The new dump core may have characteristics close to the one installed already, such that the
dump cooling system can be re-used (maximum 60 kW cooling power).
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Figure 7: The plots show a comparison of dose rate estimates in the Tagger
Area in the two conditions: (left panel) nominal Hall D operation with the
standard amorphous radiator at 0.0005 R.L., - with (right panel) radiator at
0.1 R.L., used as part of the Compact Photon Source setup.
To make long and narrow photon beam collimation we propose to build the core using two
symmetric flat plates, left and right, and make matching grooves in them for the beam entry
cones, beam line, and the aperture collimator.
Most of the present Tagger Area equipment may remain in place; the CPS will be assembled
around the modified gamma line.
The available permanent magnet may be used in the CPS assembly (pending thermal engi-
neering analysis, as there will be a need to have it cooled, dissipating approximately 1.5 kW
of power deposited in it). Available identical spare magnet can be installed at the end of
the beam line in the Tagger as a protective measure. Alternatively, a new powered magnet
could be designed for the CPS, with a comparable field integral (it does not have to be highly
precise). In such a case, the present permanent magnet will be moved downstream.
The CPS solution for the new intense high energy gamma source in the Tagger vault will
be characterized by the absence of extra prompt irradiation or extra beam line activation
for existing structures in the area during and after the operations. The accumulation of
radioactivity inside the CPS will be significant, to a large degree preventing access to the
inner parts immediately after operations. However, such activation will not present a problem
while the CPS stays assembled, due to a very strong self-shielding.
There will be a possibility of switching between the two modes of Hall D operations: a low
intensity tagged photon beam, and high intensity photon beam from the CPS.
Disassembly and decommissioning could be postponed until radioactive isotopes decay in-
side to manageable levels.
Cost would include detailed iterative modeling and simulation to optimize operation parame-
ters, design, engineering and production, plus the choice and cost of bulk shielding material.
Rough cost expectation: within $0.5 M.
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7. Conclusions
Compared to the alternative, the proposed CPS solution presents several advantages, in-
cluding much less disturbance of the available infrastructure at the Tagger Area and better
flexibility in achieving high-intensity photon beam delivery to Hall D.
The proposed CPS solution will satisfy proposed K0L beam production parameters
We do not envision big technical or organizational difficulties in the implementation of the
conceptual design.
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2.27 Targets for a Neutral Kaon Beam
Christopher Keith
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Abstract
A secondary beam of neutral Kaons is under consideration for Hall D at Jefferson Lab
to perform spectroscopic studies of hyperons produced by K0L particles scattering from proton
and deuteron targets. The proposed physics program would utilize the GlueX detector package
currently installed in Hall D. This contribution looks at potential targets for use in the new
facility, paying close attention to the existing infrastructure of GlueX and Hall D. Unpolarized
cryotargets of liquid hydrogen and deuerium, as well as polarized solid targets of protons and
deuterons are examined.
1. Introduction
A proposal is currently under consideration to expand Jefferson Lab’s program of hadron
spectroscopy and develop a secondaryK0L beam in experimental Hall D [1]. The Kaon beam
will be produced from photoproduction on a beryllium target located about 85 m downstream
from the Hall D radiator for Bremsstrahlung photons. Photons escaping the beryllium target
will be absorbed by a lead shield, while charged particles will be removed by a sweeper
magnet. The K0L flux, collimated into a 6 cm diameter beam, is expected to be of order
104 s−1, along with a similar rate of high energy neutrons. The existing GlueX detector
package and its 1.8 T superconducting solenoid would be utilized for the program.
This contribution examines possible targets for the neutral Kaon beam facility, both unpo-
larized and polarized hydrogen and deuterium. Emphasis is placed on the former, and in
particular on straightforward modifications to the existing GlueX cryotarget that will make
it suitable for a large diameter beam of K0L.
2. Liquid Hydrogen Target
If possible, the proposed experimental program will utilize the existing GlueX liquid hydro-
gen cryotarget (Fig. 1), modified to accept a larger diameter target cell. The GlueX target
comprises a kapton cell containing liquid hydrogen (LH2) at a temperature and pressure of
about 20 K and 19 psia. The 100 ml cell is filled through a pair of 1.5 m long stainless steel
tubes (fill and return) connected to a small vessel where hydrogen gas is condensed from two
room temperature storage tanks. Inside the vessel is a large condensation surface for the gas,
consisting of numerous copper fins that are cooled by a pulse tube refrigerator (PTR) with
a base temperature of 3 K and cooling power of about 20 W at 20 K. A 100 W temperature
controller regulates the condenser at 18 K.
The target assembly is contained within an “L"-shaped, stainless steel and aluminum vacuum
chamber with a 1 cm thick Rohacell extension surrounding the target cell. The start counter
for the GlueX experiment fits snugly over this extension. The vacuum chamber, along with
the hydrogen storage tanks, gas handling system, and control electronics, is mounted on
a custom-built beam line cart for easy insertion into the Hall D solenoid. A compact I/O
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Figure 1: The GlueX liquid hydrogen target.
system monitors and controls the performance of the target, while hardware interlocks on the
target temperature and pressure and on the chamber vacuum ensure the system’s safety and
integrity. The target can be cooled from room temperature and filled with liquid hydrogen
in about 5 hours. For empty target runs, the liquid can be boiled from the cell in less than
twenty minutes. The cell remains filled with cold hydrogen gas for these runs and can refilled
with liquid in about forty minutes.
The GlueX cell (Fig. 2) is closely modeled on those used for experiments in Hall B at Jef-
ferson Lab for more than a decade [2]. It is a horizontal, tapered cylinder about 38 cm long
with a mean diameter of 2 cm. A 2 cm diameter reentrant beam window defines the length
of LH2 in the beam to be about 30 cm. Both entrance and exit windows on the cell are 75 µm
kapton while the cylindrical walls are 130 µm kapton glued to an aluminum base. In normal
operation the cell, the condenser, and the pipes between them are all filled with liquid hy-
drogen. In this manner the liquid can be subcooled a few degrees below the vapor pressure
curve, greatly suppressing the formation of bubbles in the cell. In total, about 0.4 liter of
LH2 is condensed from the storage tanks, and the system is engineered to safely recover this
quantity of hydrogen back into the tanks during a sudden loss of insulating vacuum, with a
maximum allowed pressure of 49 psia [3].
A conceptual design for the neutral Kaon beam target is also shown in Fig. 2. The pro-
posed target cell has a diameter of 6 cm and a 40 cm length from entrance to exit windows,
corresponding to a volume of about 1.1 liter. The inventory of gas required to operate the
target with this cell will be about 1500 STP liter, which can be stored in the existing tanks at
about 50 psia. The JLab Target Group will investigate alternative materials and construction
techniques to increase the strength of the cell.
The GlueX target system is expected to operate equally well with liquid deuterium (LD2),
which condenses at a slightly higher temperature than hydrogen: 23.3 K versus 20.3 K
at atmospheric pressure. Because the expansion ratio of LD2 is 13% higher, the storage
pressure will about 60 psia. The new target cell will therefore be engineered and constructed
to accomodate either H2 or D2.
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Figure 2: Top: Kapton target cell for the GlueX LH2 target. Bottom: Concep-
tual design for a larger target cell for the proposed K0L beam in Hall D.
3. Solid Polarized Target
Dynamically polarized targets were successfully utilized in each of Jefferson Lab’s three ex-
perimental halls (A, B, and C) during its 6 GeV era [4]. It is natural then to contemplate their
use in Hall D as well. We can expect the Hall D solenoid and its accompanying cryogenic
facility to play significant roles in the target’s design and operation.
To realize dynamic nuclear polarization (DNP), a solid dielectric material is doped with para-
magnetic radicals. The unpaired electrons in these radicals are polarized at low temperature
and high magnetic field, and microwave-driven spin flip transitions transfer the electron’s
polarization to nearby nuclei in the material. The nuclear polarization is then transported
through the bulk via spin diffusion.
DNP targets generally fall into one of two categories: continuously polarized and frozen spin.
In the former case the DNP process is maintained continuously throughout the scattering
experiment, while frozen spin targets are polarized intermittently, and the scattering data
is acquired while the polarization slowly decays. Continuously polarized targets require
a highly uniform polarizing magnet of 2.5–5 T whose geometry limits the acceptance of
scattered particles. A similar magnet is also required to polarize a frozen spin target, but
the target sample can then be removed from the high field and maintained by a much less
massive “holding" magnet during data acquisition, provided it is cooled to a temperature of
50 mK or less. For this reason frozen spin targets are limited to particle beams no greater than
about 108 s−1, while continuously polarized targets have operated up to∼ 1012 s−1. Because
of its high resistance to radiation damage, irradiated ammonia (NH3 or ND3) continuously
polarized at 1 K and 5 T is the usual choice for electron beams up to 140 nA. Chemically
doped butanol (C4H10O) has become the material of choice for frozen spin targets, thanks to
its ease of production and handling, and its lack of polarizable background nuclei other than
hydrogen. Protons in either ammonia or butanol can be dynamically polarized in excess
of 90%. Deuterated ammonia can be polarized to about 60%, and deuterated butanol to
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80–90%.
At the expected K0L rate of the proposal, either type of polarized target is suitable. However,
the 1.8 T field of the Hall D solenoid is too weak and too inhomogeneous (0.25 T/m) to act
as an effective polarizing magnet for DNP. It would serve as an excellent holding magnet
for a frozen spin target though. Polarization decay times up to 4000 hours were observed
with the FROST target in Hall B using a 0.5 T holding field [5]. From these results we
anticipate relaxation times exceeding 10,000 hours at 1.8 T. The target would be polarized
outside the Hall D solenoid using a warm-bore magnet similar to the one used for the FROST
target and moved to the GlueX solenoid for data acquisition. A small transfer coil would be
incorporated inside the target cryostat to maintain the polarization while the target is moving.
The size of the polarized target sample will be critical. For best results, the polarizing field
should be uniform to about 100 ppm over the sample volume. The cost of a magnet suitable
for a 6 cm sample diameter will be significant, so smaller diameters should be considered.
Approximately 2 mW/g of microwave power is necessary for DNP at 2.5 T. Thus the sample
volume will also determine the refrigeration capacity of a frozen spin target. Frozen butanol
consisting of 1–2 mm beads has a density of 1.1 g/cm3, a packing fraction of about 0.6, and
a dilution factor of 0.135. A target sample 2 cm in diameter and 23 cm long would provide
a similar proton luminosity as the 30 cm long LH2 target. Dynamic polarization of the 50 g
sample would require about 0.1 W of microwave power at 2.5 T and 0.3 K. A 3He-4He
dilution refrigerator similar to FROST’s would be suitable for this application, operating at
a 3He circulation rate of 30 mmol/s during polarization and 1–2 mmol/s during frozen spin
mode.
A frozen spin target consumes liquid helium at a rate of a few liters per hour to operate the
dilution refrigerator. The Hall D cryogenic plant may not be able to provide this volume
of LHe to a polarized target and maintain the GlueX solenoid at the same time. In this
case the polarized target will require a separate source of LHe, and should be designed to
economize 4He consumption. Alternatively, one may consider a so-called “cryogen-free"
dilution refrigerator (CFDR), where the circulating 3He is condensed by a small cryocooler
such as the PTR utilized for the GlueX cryotarget [6]. Unfortunately, present day CFDRs
cannot provide the cooling power necessary to polarize a 50 g target sample. In its place, we
can consider a hybrid system using two pulse tubes (Fig. 3). Together these can condense
3He at a rate sufficient for frozen spin operation and simultaneously condense 5–10 l/day of
4He into a 50 liter reservoir within the target cryostat. Once sufficient liquid is accumulated,
it would support an increased 3He circulation rate long enough to polarize the sample, about
8 hours. The 4He level in the reservoir would naturally decrease during this time but recover
during the week or more of frozen spin operation.
4. Summary
Possible targets for a neutral Kaon beam in Hall D have been examined. It is found that
the existing GlueX cryotarget can be modified to accept liquid hydrogen or deuterium cell
diameters up to 6 cm, with some R&D required to increase the working pressure of the
current GlueX cells. For polarized target experiments a frozen spin target of butanol is
indicated. It will be more difficult to realize a 6 cm diameter sample in this case, due to the
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Figure 3: Schematic drawing of a hybrid cryogen-free frozen spin target. See
text for details.
magnetic field and cooling power requirements necessary for dynamic polarization. Instead
a 23 cm long sample with 2 cm diameter is considered.
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